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A bstract
The work presented in this thesis studies the kinetics, technology, and 
characterisation methods used for the impurity-free vacancy disordering process using 
dielectric cap annealing technique.
• Statistical models for defect diffusion have successfully described the kinetics o f  
compositional intermixing in GaAs. Order of magnitude agreement between the predicted 
and experimentally measured PL shifts was obtained.
• Various dielectric caps have been investigated when studying the technology of dielectric 
cap annealing induced intermixing, of which SrF2, Si02, SiC>2 :P are most important. A 
selective intermixing process using only S i02 was also developed, by processing the caps 
in Oxygen plasma to suppress intermixing. Differential shifts in excess o f 100 meV at 
anneal temperature o f 925 °C were achieved with a 10 meV shift underneath the un­
intermixed regions.
• Characterisation of the intermixing process was carried out using:
>  PLE measurements indicated a non-square QW profile as-grown samples. As-grown 
QWs were best fitted with a symmetric exponential profile.
>  DLTS detected the deep level traps, EL2, EL 16 and E5A after annealing MOVPE 
and MBE grown structures. The concentration of the EL2 trap, as the defect 
responsible for intermixing, matched those predicted from the model.
>  SIMS measurements o f Ga and As diffusion during annealing showed excessive Ga 
out-diffusion into the dielectric caps when enhancement of intermixing is observed.
>  Spatially and temporally resolved PL showed that the resolution of intermixing 
process is better than 3 pm for MQW stack 1 pm below the surface. Due to the 
defects associated with intermixing carrier lifetime was reduced by a factor 3, where 
enhanced intermixing was observed.
>  Spatially and spectrally resolved PL showed that 1:1 gratings fabricated using IFVD, 
with periods less than 10 pm, are a very efficient means of suppressing intermixing.
>  Spatially resolved intermixed patterns were also identified using Raman spectroscopy 
by studying the position and line width of different Raman peaks. PL shifts > 6 nm 
were detected from grating periods > 4 pm.
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Table 4.1 Parameters o f the set of experiments carried out using to investigate the 
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Table 5.4. Experimentally observed transition energies for an intermixed sample 
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L ist of F igures
Fig. 1.1 A schematic representation of a GaAs/Al0 sGao 5As heterostructure before
and after intermixing. Also shown is a schematic, for the conduction and valence bands 
before and after intermixing.
Fig. 1.2 A schematic representation of a IFVD processing o f a GaAs/Al05Gao5As
heterostructure. The dielectric caps used during annealing in this example are S i0 2, and 
S i02:P
Fig. 2.1 Auger depth profiles o f Ga in a superlattice doped with Be and Si, with
profile as shown on the top of the graph. As grown profile is shown in (a), while (b) shows 
the profile after a 2 hr. furnace anneal at 780 °C. After Kobayashi et al.
Fig 2.2 5 K photoluminescence spectra from (a) as-grown, (b) homogeneous
implanted, and the wire samples o f widths from 150 nm (c) to 35 nm (g). The samples were
13 -2
implanted with arsenic dose o f lx  10 cm , at 45 keV and annealed at 875 °C for 30 s. After 
Ooi el al.
Fig 2.3 Transition energies from PR spectra. The equal energy separation of
transitions from the heavy hole related transitions indicate harmonic potential confinements in 
the wires. In wires smaller than about 100 nm, the relatively flat trend o f light hole transitions 
suggest that the light hole wavefunction is spread everywhere across the gratings with no 
effective hole confinement taking place. This can be ascribed to the significant effect o f both 
the strong inter-wire coupling and the light hole effective mass. After Ooi et al.
Fig 2.4 A schematic diagram for the gratings used to measure the resolution limit of
the PIDLI process. Their effect on the quantum well energy gap is expressed in the width of 
the line representing them, a) shows partially intermixed region and b) shows fully intermixed 
region.
Fig 2.5 Photoluminescence spectra o f different grating periods. In (a) the two peaks
resembling the two bandgaps in the grating are marked by arrows, while (b) focuses on the 
smaller peak.
Fig. 2.6 SEMs from different GaAs/ALAs superlattice samples after laser processing.
In (a) the as-grown sample is shown, (b) shows the sample after annealing with SisN4 cap, 
and (c) shows a sample after annealing with S i02 cap. The damage o f the lattice is apparent 
in the SEMs.
Fig. 3.1 Schematic diagram of the lattice hops comprised in Ga out-diffusion from
the quantum wells, and the quantum well interface crossings carried out by group three 
vacancies during the random walks associated with their diffusion.
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Fig. 3.2 Schematic o f the group III GaAs/AlGaAs sublattice showing the different
steps of vacancy diffusion across the QW/barrier interface for the initial stage of a 
AlAs/GaAs heterostructure, and after a long diffusion time, where there is a finite amount 
intermixing on the group III sublattice. At the early stages o f diffusion, all the vacancy 
interface crossings, N q W, will result in Ga, Al interdiffusion from the QW, barrier 
respectively. However after some time, the probability that a Ga atom diffuses out o f the
well, when a VIU moves in is finite, and is equal to Cq£  /C 0 . Similarly the probability that
an Al atom diffuses into the well, when a Vm moves out is finite, and is equal to C%Jrner IC0 . 
That is why the total number of lattice hops result in interdiffusion should have a factor to 
account for the initial and time induced change in the Ga/Al concentration in the QW/barrier 
respectively. The coefficient should be the product o f the probabilities that the transported 
across the interface is the one required ( i.e. Ga out o f the QW, and Al into the QW).
Fig. 3.3 Group three vacancy concentration in the GaAs/AlGaAs single quantum well
structure for different annealing time spans for the PIDLI process. The surface recombination 
velocity o f group three vacancies used in the calculations is 0.1 cm.s'1.
Fig. 3.4 Plot for the PL shift versus the corresponding diffusion length for an
asymmetric quantum well. The inset shows the QW composition.
Fig .3.5 Plot for the square of the diffusion length and the anneal time for the both the
PIDLI and IFVD processes. The slope of the line passing through the measured points is 
approximately constant giving a value of DQW equal to 3 x 10'17 cmV1 for the PIDLI process, 
and equal to 3.22 x 10'15 cmV1 for the IFVD process.
Fig. 3.6 Measured and calculated PL shifts resulting from the PIDLI process in a
shallow single quantum well for different values o f Dvac.
Fig. 3.7 Measured and calculated PL shifts resulting from the PIDLI process in a
shallow single quantum well for different values o f Dvac.
Fig. 3.8 Plot for the Ga profile in a 200 nm SiC>2 film, and the resulting group III
vacancy profile in the semiconductor for different annealing times at 950 °C.
Fig. 3.9 Plot for the PL shift versus the corresponding diffusion length for a double
quantum well. The inset shows the QW composition.
Fig. 3.10 Plot for measured and calculated PL shifts resulting from the IFVD process
in a double quantum well for different values of Dvac.
Fig. 4.1 Plot for the bandgap shifts as a function of anneal temperature for samples
capped with SrF2 and SiC>2 and annealed for 30 s with 15 s rise time.
Fig. 4.2 Plot for the bandgap shifts as a function of anneal time for samples capped
with SrF2 and SiC>2 .and annealed at 925 °C with 15 s rise time.
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Fig. 4.3 Plot for the bandgap shifts as a function of anneal temperature for n-i-p
DQW samples capped with SiC>2 :P and SiC>2 . Samples were then annealed for 30 s with 15 s 
rise time.
Fig. 4.4 Plot for the bandgap shifts as a function of anneal temperature for n-i-p
DQW samples capped with Si02iP and SiC>2 . Samples were then annealed for 30 s with 15 s 
rise time.
Fig. 4.5 Plot for the bandgap shifts as a function of fluorine content for different
anneal temperature for DQW samples capped with Si02:F. Samples were annealed for 60 s 
with 15 s rise time.
Fig. 4.6 Plot for the bandgap shifts as a function of fluorine content for different
anneal temperature for DQW samples capped with Si02:F. Samples were annealed for 60 
seconds with 15s rise time.
Fig. 4.7 Plot for the bandgap shifts as a function of anneal temperature for DQW
samples capped with E-gun deposited SiC>2 and exposed to oxygen plasma for 30 mins. 
Samples were annealed for 60 seconds at 925 °C with 15s rise time.
Fig. 4.8 Plot for the bandgap shifts as a function of anneal temperature for MQW
samples capped with E-gun deposited S i02 exposed to oxygen plasma for 30 mins. Samples 
were annealed for 60 seconds at 925 °C with 15 s rise time.
Fig. 4.10 Plot for the bandgap shifts as a function of exposure time for DQW samples 
capped with E-gun deposited SiC>2 exposed to oxygen plasma for different times. Samples 
were annealed for 60 s at 925 °C with 15 s rise time.
Fig. 4.11 Plot for the bandgap shifts as a function of Fluorine content for DQW 
samples capped with S i02:F. Two sets o f samples are shown, exposed and unexposed to 
oxygen plasma for 30 mins. Samples were annealed for 60 s at 925 °C with 15 s rise time. 
Fig. 4.12 Plot for the bandgap shifts as a function of exposure time for DQW samples
capped with sputter deposited S i02 exposed to oxygen plasma for different times. Samples 
were annealed for 60 seconds at 925 °C with 15 s rise time.
Fig. 4.13 Change in bandgap emission wavelength as a function o f temperature for p-i-
n doped DQW samples annealed for 60 s with 350 nm o f evaporated Si( > 2  cap
Fig. 5.1 A schematic for the PL set-up used at Glasgow University.
Fig. 5.2 A schematic for the photogenerated carriers in a bandgap grating induced by IFVD 
using SiC>2 :P/ SiC>2 caps. The significance o f the carrier diffusion depends on both, the spot 
size of the excitation laser beam, and the period of the bandgap grating.
Fig. 5.3 A schematic o f the setup used for spatially and temporally resolved PL
measurements.
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Fig. 5.4. Scan across a grating sample with a period of 16 pm for (a) the PL signal at
the un-intermixed wavelength peak, and (b) the photogenerated carrier lifetime. Also shown 
are (c) the PL signals from the intermixed and un-intermixed parts of the sample.
Fig. 5.5. Scan across a grating sample with a period of 16 pm for the photogenerated
carrier lifetime. The dielectric cap grating used for intermixing and the resulting bandgap 
grating are also shown.
Fig. 5.6 A schematic diagram for the Raman microprobe instrument, from Renishaw,
used to acquire the measurements presented in this work.
Fig. 5.7 Line scans for the PL shift along two periods o f (a) 4 pm and (b) 12 pm 1:1
gratings in a 4QW sample.
Fig. 5.8 PL wavelength shift as a function of the rating period obtained from (error
bars) large area PL system as shown in Fig. 5.1, and (points) PL obtained from the spectrally 
and spatially resolved PL. The blue horizontal lines in indicate the lower and upper limits in 
annealing with large area caps
Fig. 5.9 Raman spectra from the as-grown 4QW sample. The Raman spectrum is
shown (a) before and (b) after removing the photoluminescence background line. The GaAs- 
like and AlAs-like Raman spectra are indicated.
Fig. 5.10 PL wavelength shift for the 2 sets o f samples used in the Raman 
measurements. One set o f DQW samples and two other o f MQW samples.
Fig. 5.11 The change in the FWHM and energy shift the peaks detected in the 4QW
samples as a function o f the PL wavelength shift are shown in (a) and (b) respectively. No 
consistent trend can be seen in the change o f both parameters as a function of the amount of 
intermixing.
Fig. 5.12 Raman spectra from the as-grown MQW sample with a top GaAs layer. The 
Raman spectrum were induced using a HeNe laser and are shown after removing the 
photoluminescence background line. Also shown are the two groups o f the Raman spectra 
belonging to the GaAs-like and the AlAs-like modes. The change in the FWHM and the 
energy shift all the peaks as a function of the PL wavelength shift is shown in (b) and (c) 
respectively.
Fig. 5.13 Raman spectra from the MQW as-grown with the top GaAs contact layer
removed. The Raman spectrum is shown (a) before and (b) after removing the 
photoluminescence background line. The GaAs-like and AlAs-like Raman spectra are 
indicated.
Fig. 5.14 The change in (a) the FWHM and (b) the energy shift for all the Raman
peaks detected as a function of the PL wavelength shift.
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Fig. 5.15 Raman spectra from the MQW sample annealed with E-gun deposited SiC>2 
caps at 960 °C for 60 s. The Raman spectrum is shown (a) before and (b) after removing the 
photoluminescence background line. The GaAs-like and AlAs-like Raman spectra are 
indicated.
Fig. 5.16 Line scans for the PL shift across two periods o f an intermixed grating o f a
MQW sample without the GaAs layer annealed for 60 s at 950 °C with S i02/SiC>2:P caps are 
shown in (e) and (f). The scan of the (a) FWHM and the (b) position o f the LO GaAs like 
Raman peak of the Al^Gao 6As cladding layer, and another scan o f the (c) FWHM and the 
(d) TO GaAs like Raman peak o f the Alo.4Gao.6As cladding layer are also shown.
Fig. 5 .1 7  As-grown wafer and waveguide schematics.
Fig. 5 .1 8  Mode profiles for a 7 pm wide waveguide. The outputs in the TE guided
mode and the TM slab mode cases are shown.
Fig. 5.19 Line scans for the PL shift across two waveguides o f an intermixed MQW
waveguide sample, with the GaAs layer and intermixed using sputtered silica technique, are 
shown in (g) and (h). The scan of the (a) FWHM and the (b) position of the LO GaAs like 
Raman peak of the GaAs layer, and another scan of the (c) FWHM and the (d) TO GaAs like 
Raman peak of the Alo.4Gao.6As cladding layer are also shown.
Fig. 5.20. Plot o f PL spectra of the samples used in the PLE experiment, and typical
PLE spectra obtained from the samples.
Fig. 5.21. Plot o f the measured e l—>lhl, and e2-»hh2 transitions obtained from PLE
measurements. Transitions fitted for an initial square, exponential, and single sided 
exponential QW profiles are also plotted and represented by the dashed, solid, and dashed- 
dotted lines respectively.
Fig. 6.1 Plot o f the DLTS signal o f a sampled annealed at 925 °C for 120 s.
Fig. 6.2 Arrhenius plot o f the signature o f deep level traps identified in the various
samples tested using DLTS.
Fig. 6.3 Comparison of the number of point defects obtained from the DLTS
measurements and those calculated from the model for the same annealing parameters.
Fig. 6.4 SIMS profile o f various GaAs and S i02:F constituents in the semiconductor
with different depth resolutions.
Fig. 6.5 SIMS profile o f various GaAs and S i02:P constituents (a) in the
semiconductor, and (b) in the S i02:Pcap.
Fig. 6.6 SIMS profile o f various GaAs and S i0 2 constituents in the S i0 2 cap.
Fig. A3.1 The effect o f various parameters on the process response. Figures (a), (b),
and (c), show the response for different parameter for given settings.
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INTRODUCTION
Following the invention of the semiconductor laser diode in the early 60's, 
optoelectronic technologies were considered a solution to the inherent limitations o f electronic 
devices. Despite the growing advances in optoelectronic technologies driven by the 
semiconductor industry, the anticipated replacement of electronic devices by optoelectronics 
has not been achieved. That is ascribed to the slow progress in optoelectronic technology 
when compared to the rapid advances achieved in electronic device functionality as well as 
circuit integration technologies. To improve upon electronic devices, the optoelectronics 
industry-driven-research will have to offer superior functionality and similar, if not more 
competitive, economics o f fabrication. There is also a time limit on achieving such goals, 
since markets use any technology, which can satisfy its goals first.
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I. R ationale
A revolution in semiconductor electronics technology did not take place until 
integrated circuits came about. The performance o f the basic discrete electron device, namely 
the transistor, drastically improved when integrated with other components. It was not only 
the improved device performance, but also the functionality and economics o f integrated 
circuits that allowed semiconductors to occupy the position they currently hold. Even now, 
advances in semiconductor electronics are far from saturation. Epitaxial growth of compound 
semiconductors allowed quantum confined heterostructures to be realised, which gave the 
physics o f electron devices extra degrees o f freedom and novel functionality. Epitaxial growth 
also allow Si/SiGe heterostructures to be realised, which allowed the economics o f integrating 
novel electron devices, based on quantum effects, to be profitable since they are grown on Si 
substrates. These advantages, together with the shrinking minimum-feature-size achievable 
using optical lithography, make the competition with electronic integrated circuits not a trivial 
matter.
On the other hand there are many benefits to be gained when using photons to realise 
a given device functionality rather than electrons. Photons (bosons) have different properties 
from electrons (fermions). However, optoelectronic devices are large in size, partially because 
of the wavelength of photons in comparison to electrons, but also because o f the utilisation of 
quantum effects in electronic devices, whereas quantum effects are not fully utilised yet in the 
optical domain. The sizes o f current optoelectronic devices make their demand of real estate 
(i.e. foot-print or area) on semiconductor wafers quite large, so increasing their fabrication 
cost, whether discrete, or integrated. It is now obvious that optoelectronics research should be 
made on two main fronts, the first being the utilisation of quantum effects to provide new 
device functionality, increased efficiency, and reduced device size. The other is to improve 
optoelectronic device integration technologies to be able to integrate many different, 
reasonably sized, devices on the same semiconductor structure.
If, however, optoelectronics fail to deliver a medium term alternative to electron- 
devices, advances in many of the crucial applications o f semiconductors will be driven and 
limited by the capabilities and progress in the electron device performance at that time. 
Applications such as switching in telecommunication networks will continue to be a 
bottleneck, limiting the system throughput. The input/output data buses o f large processing 
modules will also continue to be limited by the speed of the electronic data buses and the 
associated crosstalk. Electron device switching times will always limit circuit bandwidth; also 
the frequency and the pulse widths of electromagnetic waves will be limited by the inherent
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limitations o f electron devices, including electron mobility, capacitance induced by the space 
charge o fp-n  junction, etc.
Due to the nature o f the optoelectronic devices currently in use, the need for different 
epitaxial structures can be a detrimental obstacle in the route to integration. Some of the 
solutions currently used are to change the operating principles o f the devices, e.g. by 
electrically pumping all the regions o f the device to overcome absorption. However, this 
solution introduces excessive spontaneous noise, and has a high power consumption. Other 
approaches include regrowth after selectively etching various areas o f the wafer. This 
approach is associated with very high growth demands, and hence increased costs. It also has 
a very low device yield, a detrimental factor when realising such devices in an industrial 
fashion. Another favoured approach is the use o f post-growth bandgap tuning o f quantum- 
confined heterostructures. This technique is veiy attractive because o f its simplicity and 
suitability for the mass production of devices. It is particularly suitable for Aluminium 
containing semiconductors because o f the severe limitations posed by Al oxidation when the 
etch-and-regrowth processes are used. Therefore, by careful design of the semiconductor 
wafer, quantum well intermixing (QWI) can be used to tailor the electronic, and optical 
properties, o f such structures to facilitate the integration of active and passive optoelectronic 
and photonic devices on the same chip.
II. B asic  P rinciples
To develop processes for integrated device fabrication using QWI, a detailed 
understanding of the semiconductor material is necessary. This is due to the dependence of 
the QWI technology on process thermodynamics, optical properties o f quantum confined 
heterostructures, semiconductor fabrication technologies, etc. Before going into the details of 
modelling intermixing kinetics, development and characterisation o f intermixing processes 
and device fabrication using QWI, some light ought to be shed on the basic sciences used 
within the course o f work in this thesis.
II.A. Native Defects in GaAs and related compounds
The native defects in GaAs and related compounds are group III and V antisites, 
vacancies, and interstitials. In GaAs they read, G a A s , A s q ,, V o a ,  V a s ,  I gs,  I as,  respectively. 
There has been increasing interest in characterising native point defects in III-V compound 
semiconductors because o f their profound influence on device characteristics. They play an 
important role as device sizes shrink down to the nanometer regime. Point defects are of 
particular importance when studying QWI because they facilitate interdififusion. The nature 
and concentration of such defects in a semiconductor lattice depends on the history of
___________________________________________________________________ 3
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treatment the lattice has undergone, and the method o f growth.1 Although they are the 
simplest defects, native point defects exhibit behaviour which depends on their charged state, 
and whether they have a metastable, or bistable state (metastable is having two different 
lattice configurations for the same charged state, while bistable is having two different lattice 
configurations for two different charged states).2 Probing their influence on the lattice 
properties can however indirectly help identify native point defects. Positron annihilation, 
deep level transient spectroscopy, and many other techniques have been successfully used to 
detect such defects. For a review of these techniques and defect properties see ref. 2. It is of 
great importance to note that the presence o f extended defects, in the vicinity o f point defects 
acts as a sink for such defects, because of the annihilation o f point defects at boundaries. So, 
from the perspective o f introducing damage for QWI, it is clear that there is an optimum 
concentration of defects, after which extended defects will form and alleviate the effect of the 
existing point defects on interdiffusion. This phenomenon has been reported for various 
implantation induced intermixing processes.3,4
Out o f the six native point defects in the GaAs lattice, only group III vacancies and 
antisites, Vm, and GaAs or AIas, are expected to have an acceptor-like energy state in the 
crystal, with varying number of charged states. The rest o f the defects are expected to have a 
donor like energy states, with varying number of charged states.5 The solubility, diffusion, 
and interactions o f point defects within crystals are topics o f current research interest. Careful 
experiments with precise control of the sample environment are needed for accurate 
characterisation o f point defects.6 The equilibrium concentration of charged point defects, 
taking Vm as an example, in an extrinsic medium can be written as,
= k { r y ,  (1.1)
where /? is the charge number of the defect, cr is the carrier concentration (n or p), k(T) is a 
temperature dependent coefficient. The vapour pressure of the As tetramer, PAs* is
approximately equal to PAs, the total As vapour pressure, at high As over-pressure.6 
Determination of non-equilibrium, or dynamically changing, defect concentration is even 
more complex to characterise. It is still an open question and has attracted some work in 
recent years with success limited by the control one has on the experimental environment.6 It 
should be noted that the equilibrium concentration depends on the carrier type and 
concentration, which directly indicates that potential barriers such as p-n  junctions can play a 
significant role in determining the equilibrium concentrations o f defects and hence their 
diffusion. Because Vm is the defect of prime importance in the process of interdifftision in 
GaAs,5 it was used when presenting relation 1.1. However similar relations hold for all other 
defects.6 It should be noted that, although initial work suggested that it was the triply charged
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F ig. 1.1 A schematic representation of a GaAs/Aio.5Ga<)5As heterostructure before and after 
intermixing. Also shown is a schematic for the conduction and valence bands before and after
intermixing.
Vnf  which was responsible for interdiffusion in GaAs/AlGaAs heterostructures, recent 
experiments have shown that it is the singly charged Vm , which makes the main contribution 
to interdfifusion.6
II.B. Quantum Well Intermixing
Quantum Well Intermixing is a technique by which one can alter the band gap o f 
quantum confined heterostructures. The characteristics o f quantum confined heterostructures 
chiefly lie in their electronic properties and hence bandgap energy. Hence post-growth control 
o f the semiconductor bandgap can enable the properties o f semiconductors to be modified 
after growth, selectively across the wafer. As can be seen in Fig. 1.1, the bandgap o f 
GaAs/AlGaAs heterostructures can be increased by initiating interdiffusion on the group III 
sublattice. As the Ga and Al o f the QW and cladding are allowed to interdiffuse, Al will 
cross the QW boundaries, as can be seen in Fig. 1.1. This will lead to grading o f the 
QW /barrier interface. The interface grading together with the presence o f Al in the middle o f 
the QW will cause an increase in the ground state energy.
The bandgap energy as a function o f Al content, at the edge o f the intermixed QWs 
can be expressed as,
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Eg = 1.424 + 1 .247*^ , (1.2)
where xA/ is the Al content of the group III sub-lattice, and Eg is the bandgap energy. The 
width reduction of the QW and the increase o f the QW Al composition, increases the energies 
of the bound states in the conduction and the valence bands. Accordingly the energy of a 
photon emitted from the bound states, and especially the ground state e l-lh l, will increase. 
Hence, the optical losses due to bandedge absorption will be reduced for a wavelength 
emitted from the non-intermixed region. Also the compositional change causes a change in 
refractive index. At 850 nm it takes of the form,7
n(xAI) = 3 . 5 9 - 0 . 1 l x Al + 0.091*^, (1.3)
However, due to the small overlap o f the optical field with the intermixed regions, in 
the case o f 2 QWs, the effect o f refractive index change is negligible. On the other hand, if 
the QWI takes place in a superlattice or a region packed with heterostructure interfaces, the 
refractive index change can be considerable. Change of up to 5 % in the refractive index was 
reported in MQW waveguides.8 The main criterion for QWI methods to be useful is to be 
able to cause controlled intermixing at temperatures less than those required for thermal 
interdiffusion.
II.B.1. Effect of Q W I on the Electronic and Optical Properties
Electronic states in QW structures are governed by the Schrodinger wave equation, 
with the potential function being the potential o f the as-grown quantum well structures.9 For 
a QW, the equation describing the wavefunction and the energy for the bound states in the 
conduction band would then read,
h 8 + ^ ( z)V » ( z) = £> , , ( 4  (i-4)
/2m* (z)  dz 
K  (2 ) = 0 0 < ZqW < Lz,
/  X r ( L5)
K \ Z ) ~  barrier ^  >  Z QW >  Ar*
where Lz is the quantum well thickness, fi is the reduced Planck's constant, Vc(z) is the 
potential function o f the conduction band, which defines the heterostructure and is considered 
a square function for as-grown QWs as seen in equation (1.5) and Fig. 1.1. The confined 
energy states are denoted by E„, where n defines the energy level number, y/n(z) is the 
envelop wavefunction o f the confined state and m (z) is the effective electron mass.9 As the 
interdiffusion between the QW and the barrier takes place, the QW shape is modified from 
the square profile to an erf  profile assuming that diffusion obeys Fick's law. The QW alloy 
profile for single and double wells then take respectively the form,10
Impurity Free Vacancy D isordering for Integrated Photonic Devices
6
^Qw(Z’0 ~
2
CQw{Z’t )  ~
erf
L —z
2 p QWt
+ erf (1.6)
2 -erf
2tJD qW1
-erf
3 L - z
2"\jDgWt
+ erf
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z  — L_
2V A
(1.7)
where CQW and are the concentration and the diffusion coefficient o f Ga atoms from the 
quantum well respectively, C0= Cqo-Cai is the initial concentration in the wells, Lz is the 
quantum well thickness, and z  is the spatial depth parameter. In equations (1.6) and (1.7) the 
origin o f the z co-ordinate is taken at the left barrier o f the wells. Numerical solutions are 
needed to find bound state for the diffused QW profile, and have been reported for QWs in 
many material systems.11 The corresponding change in the absorption, which is chiefly 
governed by excitonic effects in the vicinity o f the bandgap energy, can be calculated through 
an evaluation of the optical matrix elements and summation over all the bound energy 
transitions.12 The expression governing absorption in QWs cannot, however, be properly 
explained without an involved description o f the bound states and the optical matrix, which is 
beyond the scope o f this introduction. Empirical expressions representing QW absorption 
were reported before and are therefore used here to describe absorption in QWs. One 
expression takes the form,13
h w - E „ ( F )a  (hw, F )  = a p (F )  sech 1.317
p(^)
( 1.8)
where ftw is the photon energy, F  is the electric field applied to the structure, Eexc is the field 
dependent exciton binding energy, aP is the field dependent peak absorption, /? is the field 
dependent half width half maximum o f the exciton peak. The parameters Eexc, aP, and /? all 
have a quadratic dependence on the applied field F, and are reported for GaAs/AlGaAs 
MQWs.13 The change in absorption will subsequently induce a change in the refractive index 
of the heterostructure, since both are related by the Kramers-Kronig relation. The change in 
refractive index due to a change in absorption can therefore be expressed as,14
i 2
An(X) = — P  |  /  (1.9) f  - P )  d ( V \  
27t2 ^ ( v M x ) 2
where A is the photon wavelength at which An is calculated, A a  is the change in the 
absorption coefficient, and P  is the Cauchy principal value o f the following integral, which 
takes the form.
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F ig . 1 .2 A schematic representation of a IFVD processing of a GaAs/AlosGaosAs 
heterostructure. The dielectric caps used during annealing in this example are S i02, and
SiO?:P
The change in the bandgap also changes the non-linear properties o f  the semiconductor, such 
as changing the in GaAs/AlGaAs M Q W s.13 It can also change the j^2> introduced within 
GaAs/AlGaAs asymmetric M Q W s16 and, when applied periodically, can induce domain 
disordering to obtain quasi phase m atching.17
It should be noted that the change in the optical properties mentioned here would have to be 
scaled with the overlap integral between the semiconductor layers involved and the mode o f 
the optical field. Such an overlap integral can be expressed a s ,18
This implies that, to maximise the effect o f a given number o f QW s within a heterostructure 
on the optical field, the mode should be highly confined within the QW region.
Because o f the graded well profile induced by the intermixing o f the QWs, it has been also 
reported that, by intermixing InP-based QW s, the polarisation sensitivity o f the optical 
properties o f QWs can be eliminated,19 and the quantum confined stark effect can be 
enhanced.20
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II.B.2. Impurity-Free Vacancy Disordering
Impurity free vacancy disordering (IFVD) is a widely used QWI technique due to its 
simplicity, the low optical losses of disordered material and low residual damage.21 IFVD 
makes use of the diffusion o f point defects, namely group three vacancies and interstitials, 
created by thermal treatment in a rapid thermal annealer (RTA). Samples are usually capped 
with dielectric layers, which either promote, or impede, the diffusion of Ga out from the 
semiconductor, and hence enhance or suppress QWI respectively. Various dielectric caps 
have been studied for optimum intermixing performance.22,23,24 A schematic explanation of the 
process stages is shown in Fig. 1.2. SiC>2 is the most widely used, due to the early studies 
which used such caps for GaAs integrated circuit processing.25,26 As the temperature of 
capped samples is raised above a certain threshold, Ga and As start to out-diffuse into the cap 
from the semiconductor. The out-diffused Ga and As leave native point defects in the lattice. 
At the annealing temperatures, the native point defects have large kinetic energies allowing 
them to diffuse down towards the heterostructures in the lattice, thus promoting 
interdiffusion. The properties o f the films as well as the dielectric/semiconductor interface are 
thought to be the main factors that control the amount o f Ga out-diffusion, as will be seen 
later within the thesis. Therefore characterisation and control o f the properties o f dielectric 
films involved in the IFVD process are vital for achieving a reliable and reproducible process.
III. T hesis O utline
In the second chapter an overview of the main intermixing techniques currently 
available is presented. The basic mechanisms, properties, merits, drawbacks, and applications 
of each intermixing technique are introduced. This gives us the insights needed to carry out 
the research and decide on the process to investigate for a generic intermixing technology 
independent of the intended application. In chapter 3, an atomic-scale model for the kinetics 
of intermixing o f GaAs/AlGaAs quantum confined heterostructures is developed. The model 
hypothesis has been validated by successfully predicting the amounts of quantum well 
intermixing induced by the processes of hydrogen plasma induced defect layer intermixing 
and impurity free vacancy disordering, two different techniques for quantum well intermixing. 
In chapter 4, the process of dielectric-cap-induced intermixing is studied. The performance of 
various dielectric caps in IFVD was investigated, by studying the bandgap shifts produced by 
each dielectric cap after annealing at elevated temperatures. A discussion is then presented, to 
assist in obtaining an optimum combination of caps for IFVD. An optimum process is then 
developed and its performance is characterised. In the following chapter, various aspects of 
the process of IFVD are characterised. Parameters regarding technological, as well as the
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theoretical aspects, o f disordering are investigated. Temporally resolved PL is used to 
investigate the effect of intermixing on the photogenerated carrier lifetimes in intermixed 
lattice. A PL micro-probe is used to carry out spatially resolved measurements, by which the 
variation in the PL energy along gratings with alternating intermixed and unintermixed 
regions can be investigated. Also a Raman micro-probe is used to carry out a spatially 
resolve investigation of the change in the Raman mode properties as a function of 
intermixing. While the techniques mentioned so far study parameters that are mostly related 
to the IFVD technology, PLE was also used to investigate the QW shapes prior to, and after 
annealing. In chapter 6 deep level transient spectroscopy measurements were used to 
characterise the nature, profiles, and diffusion of defects, and deep level traps associated with 
IFVD. Finally secondary ion mass spectroscopy profiles were measured for IFVD samples 
processed with various dielectric caps to reveal some of the mechanisms associated with Ga 
out-diffusion during annealing. The device chosen to demonstrate IFVD for integrated 
optoelectronics is a DBR laser with an integrated Mach-Zehnder modulator. Measurements 
and characterisation of discrete modulator devices, as well as modulators integrated with 
DBR lasers are presented in chapter 6. Technological aspects o f the fabrication and the effect 
of intermixing on the performance o f the integrated device are also presented in this chapter.
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Review of Techniques and Advances C hapter 2
Intermixing of quantum confined heterostructures was initially studied in the 
GaAs/AlGaAs system as an undesirable phenomenon occurring during the heat treatment of 
wafers. Later intermixing was found to be useful, especially for optoelectronics applications. 
Because intermixing takes place through native point defects, it is necessary to have an 
understanding the behaviour o f such defects in order to control the process. Such an 
understanding requires a large parameter space to be quantitatively characterised. In brief, 
the techniques and advances in compositional disordering in GaAs/AlGaAs material system 
predominantly lie in the control of point defect generation and manipulation within the 
lattice. Different techniques achieve this generation and control by varying means.
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Review of Techniques and Advances Chapter 2
I. H istorical O verview
Upon discovering the controlled means of disordering heterostructures using 
impurity induced disordering (IID) at the beginning of the 80s,1 the principle application for 
such technology has always been optoelectronics. The excessive free carrier absorption 
associated with techniques based on HD, lead to the development of QWI using impurity- 
free techniques. Implantation induced defect disordering, although first discovered in an 
attempt to use Si implants as a way to induce IID,2 has been an effective method to induce 
QWI when neutral, or native lattice impurities are used as the implant species. Moreover, 
the advances and control o f the implantation processes, was readily available to utilise in 
optoelectronics. Point defects, and hence QWI, can also be introduced by other means such 
as plasma and laser irradiation damage.3,4 The development o f dielectric cap annealing 
processes, known as impurity-free vacancy disordering, IFVD, followed after implantation 
induced disordering. IFVD was discovered when the GaAs VLSI process technologies, at 
the time, were utilised to generate point defects in the vicinity of the QWs. This was 
achieved through dielectric cap annealing induced defects. The factors leading to the 
realisation of IFVD are:
• The understanding of disordering mechanisms, which suggested that Al/Ga 
interdiffusion is carried out through group III interdiffusion in GaAs heterostructures.
• VLSI technology, which provided information about the performance o f GaAs/AlGaAs 
heterostructures at elevated temperatures, namely the interdiffusion of A1 and Ga at the 
interfaces,5 and the diffusion behaviour o f species like As and Ga into dielectric caps 
such as S i02, and Si3N4.
The technique has been a prominent means for realising regrowth-free photonic integrated 
circuits, PICs, and optoelectronic integrated circuits, OEICs, respectively. It is attractive due 
to the simplicity o f the processes involved, and the optical losses produced, which are more 
than two orders of magnitude less than for the HD process. In this chapter a brief overview 
of the basics, advances and most noticeable applications o f the major intermixing techniques 
reported to date will be presented. An emphasis is made on IFVD, being the process 
underpinned in this work.
II. Intermixing  T echniques
Disordering mechanisms were first studied in the GaAs /AlGaAs material system. 
The principal role o f group III vacancies, Vm, and interstitials, lm in the process was soon 
identified. These studies were carried out to explain the process o f impurity induced 
disordering. Driven by the initial understanding o f the IID mechanisms, other schemes by
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which one can generate group III point defects were developed. Naturally every new method 
developed was an attempt to overcome certain limitations, or drawbacks in the preceding 
scheme. For any technique to be useful, disordering has to be realised on a selective basis, 
therefore thermal stability o f the lattice becomes o f key element in the success o f the 
selectivity o f any process.5
Thermal Al/Ga interdiffusion in the heterostructures takes place with a certain activation 
energy EA, with a Boltzman-like temperature dependence such that;
= D 0 e x p [ - E j k T \  ( u )
where D0 is the diffusion coefficient at infinite temperature, k is the Boltzmann constant, T 
is the temperature and EA is the activation energy by which diffusion takes place. The goal 
of any intermixing technique is to selectively decrease the activation energy o f the group III 
interdiffusion coefficient in given areas. Various important intermixing techniques will be 
presented below, they will be categorised by the means o f generation o f group III defect. 
For further reading, a collection o f the most important papers published in the field was 
recently published by SPIE,6 and a special issue on inter-diffused quantum wells was also 
published in IEEE Journal o f  Quantum Electronics.7
II.A. Impurity Induced Disordering
Impurity induced disordering, being the first intermixing technique discovered by 
Laidig et al. in 1981, has the been the most investigated.1 Despite the technological 
advances achieved after its discovery, little was known about the actual mechanisms by 
which intermixing takes place.2,8 In 1987 Tan and Gosele suggested the dependence o f the 
equilibrium concentration of defects on the Fermi level.9 They also suggested in 1988 that 
the triply charged group III vacancies play a pivotal role in the interdiffusion on the group 
III sublattice.10 In the same year, Deppe and Holonyak Jr provided a more complete picture 
of the mechanisms involved by highlighting the effect o f As overpressure on the intermixing 
behaviour.3 One decade later, the individual factors such as the Fermi level effect, the As 
overpressure, as well as the other experimental parameters have been correlated together 
using basic physical relationships such as the Gibbs phase rule by R. M. Cohn (more 
elaborate discussion on the subject will be presented in chapter 3).11
Factors in excess o f 105 increase in the Ga/Al interdiffusion coefficient were 
reported due to Zn diffusion at 600°C.12 Various other impurities were studied; donors such 
as Si, Ge, S, Se, as well as acceptors such as Zn, Be, Mg have shown the same effect of 
disordering heterostructures upon annealing.3 Different schemes o f introducing defects have 
also been explored; defect diffusion was the initial means o f exploring the phenomenon, 
then came implantation o f electrically active impurities, which induces intermixing due to
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Fig. 2.1 Auger depth profiles of Ga in a superlattice doped with Be and Si, with profile as 
shown on the top of the graph. As grown profile is shown in (a), while (b) shows the profile 
after a 2 hr. furnace anneal at 780 °C. After Kobayashi et a l36
the damage caused as well as the dopant diffusion that takes place during the subsequent 
annealing phase. Another means o f diffusing dopants such as Si was laser annealing.13 
Intermixing due to laser annealing, as will be explained in section II.B.3, is usually observed 
after irradiating samples for a suitable length o f time using a laser with an appropriate 
wavelength. Moreover, IID can take place after subsequent annealing if a dopant such as Si 
is introduced and hence mobilised into the semiconductor during irradiation to become in 
the vicinity o f the QWs.14 The incorporation of impurities during growth was also 
investigated as a means of IID,315 where a clear demonstration of this IID technique shown 
in Fig. 2.1. Samples were prepared which had a grown-in Si concentration, they were then 
implanted with Be to compensate for the effect of Si on the Fermi level at two given depths. 
The role o f the Be implantation, having inhibited the intermixing where it takes place, 
clearly demonstrates the IID effect of Si, and how it can be quenched if the Fermi level can 
be altered.15
The process o f IID, although very effective, will always have an inherent limitation 
regarding the associated optical losses, due to free carrier absorption. The different schemes 
by which defects are introduce in the lattice including implantation, diffusion from the 
surface, and incorporation during growth, in addition to the control over the diffusion of 
species such as Si in III-V semiconductors make the technique a powerful way to induce 
localised QWI. IID will therefore always attract a suite o f applications, which involve 
electrical pumping of the intermixed regions.16 It proved very beneficial to simplify the 
fabrication o f otherwise complicated devices such as antiguided laser arrays. In these 
devices, neighbouring undoped SL laser stripes were intermixed using Zn diffusion, and 
then electrically pumped.17 The effect of the intermixing reduces the refractive index and 
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generates an antiguided laser diode array. It has also been used to improved the performance 
of VCSELS with no added complexity in the processing.18,19
ll.B. Irradiation Induced Disordering
Irradiation damage in semiconductors is caused by exposing the samples to a flux o f  
particles such as electrons, ions, or photons. A considerable amount o f the associated 
damage is comprised of native point defects. The lattice absorbs energy from the irradiated 
flux, which enables the release o f a number o f lattice atoms out o f their sites, leaving them 
in interstitial positions, and consequently generating lattice vacancies or antisites where the 
atoms were knocked-off. In this section we shall review the techniques which utilise the 
irradiation-induced defects to enhance intermixing.
ll.B. 1. Implantation & Focused Ion Beam Induced Disordering
The notion of disordering using implantation induced defects dates from 1971, 
when ion beams were observed to cause atomic mixing to sharp semiconductor interfaces 
during sputtering o f samples in secondary ion mass spectroscopy (SIMS) measurements.20 
Assuming that the effect was based on the collision cascades generated by the primary ion 
beam, calculations o f atomic mixing were first derived using a diffusion model in 1977.21 
Although ion implantation was systematically used to introduce extrinsic dopants into 
semiconductors, for impurity induced disordering, the implantation defect induced 
intermixing was recognised a few years latter in 1985 22 Frenckel defect pairs are the 
principle type o f defects produced due to implanted ions. Such defects are generated by the 
atomic collisions between the implanted species and the lattice atoms.23 The effect o f ion 
implantation on compositional intermixing was not clearly identified at the beginning o f the 
work on IID because the effect o f implantation induced defects is usually convoluted with 
the effect o f impurities on the Fermi level, as discussed in section II. A.3
For intermixing using implantation induced defects to have an edge over its 
predecessor, IID, it had to overcome the excessive optical losses associated with the 
electrically active species used in IID. Consequently, the work in the field developed in two 
main routes:
• The first was to use electrically inactive implantation species to induce intermixing.
• The second was use the native lattice matrix constituents as implantation species. 
Although implantation induced intermixing was explored in other material systems,24,25,26 
most o f the work on implantation induced disordering has been in GaAs/AlGaAs. Despite 
the two distinct trends undertaken in the field to reduce the optical absorption coefficient,
90 97 99 9ftthere has been some investigations o f electrically active species such as Zn, * S, Be,
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Mg, & Se,28 Ge,29 Bi,30 Xe & In,31 s i.22,27’28,32,33,34’35 Achievements can be summarised in the 
following points:
>  A considerable part o f the work in the field was carried out using Si, which was the key 
element used in HD at the time. Intermixing caused by Si implantation has two effects; 
the first is implantation defect induced disordering, which induced point defects within 
the implantation range and caused interdiffusion upon annealing. However, above 
certain implantation energy, the number of introduced defects coalesce and form 
extended defects, which annihilate point defects in their vicinity and hence, reduce 
intermixing.32,28’35,33 The second effect is impurity induced disordering, which uses the 
increased equilibrium concentration of point defects. The effect can extend for depths 
much greater than the implantation range due to Si diffusion.29,32 However, the effect of 
the position o f the Fermi level on IID can be suppressed by co-doping any given region 
with an impurity to compensate for the doping causing the IID, as can be seen in Fig.
2.1 for a Si doped lattice after codoping with Be.36 Investigations o f other dopants 
showed results similar to those with Si, in particular Zn.22,27 Oxygen implantation has 
also been viewed as a potential technology for intermixing,37,38,39 since it can serve both 
as an implant species for intermixing as well as simultaneously decreasing the local free 
carrier concentration. In addition to low energy, low dose implantation, Oxygen has 
been investigated for MeV implantation, where it was found to cause initial collision 
intermixing prior to annealing.38,39 It was also found to cause collisional intermixing 
near the surface o f the implanted samples as a result o f the electronic energy loss 
mechanism.37
> Electronically inactive implanted species were first investigated in 1985, when Kr ions 
were investigated by Gavrilovic et al.22 However many other species such as Ar,40,41 F, 
B,40 Ne, He,27 as well as isoelectric 31P+,42 were investigated. The ion mass and the 
implantation energy for such species affect the number of introduced defects, and their 
depth. The implantation dose, also, affects the number of defects, with an upper limit 
determined by the threshold dose for the formation of extended defects.
• In recent years Boron and Fluorine have attracted much attention, 43,44,45,46 after the 
initial work carried out by Hirayama et al. in 1985.40 Boron was proposed to form 
both deep acceptor Bas and isoelectric Boa in p-type material. In n-type material, the 
majority of B was thought to have formed Bca- Significant diffusion was observed 
in GaAs p-type material due to the diffusion of BAs, while negligible diffusion was 
observed in n-type material, since Boa is relatively immobile at high temperatures. 
For AlGaAs p-type material, the formation of BAs reduces the equilibrium number 
of charged Ga interstitials and hence, the interdiffusion rate of Al and Ga. For n- 
type material, partial intermixing was observed and it was ascribed to charged Ga 
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vacancy.47 Boron implant­
ation was not found useful 
to QWI especially because 
o f the extended defects 
observed in GaAs after 
boron implantation.47 On 
the other hand Fluorine, 
which exhibits a very fast 
diffusion rate in n and p- 
type materials, has its 
diffusion mechanism rela­
ted to the interstitials. This 
suggests that Fluorine does 
not occupy lattice sites, 
but rather reside on 
interstitial sites.
Waveguides fabrica-ted in 
F implanted regions 
exhibited optical absorp-
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Fig 2.2 5 K photolum inescence spectra from (a) as-grown, 
(b) hom ogeneous implanted, and the wire sam ples o f  widths
from 150 nm (c) to 35 nm (g). The sam ples were implanted
>3 -2
with arsenic dose o f  1 x 10 cm , at 45 keV and annealed at 
875 °C for 30 s. After Ooi et al™
tion losses o f 20 dB/cm, with a blue shifts in the order o f 35 meV. Most importantly 
Fluorine did not contribute to the losses, the observed loss was due to bandedge 
absorption, which depends on the degree o f intermixing not on the Fluorine 
concentration.48
Implantation induced intermixing using native matrix elements such as Al was 
investigated by Gavrilovic et al. in 1985.22 These initial experiments demonstrated that 
implantation damage alone, can induce considerable amounts o f  intermixing. However 
complete disordering o f heterostructures can be achieved when electrically active 
implant species are used. Both the impurity, and implantation defects would then induce 
intermixing. Investigations o f defect induced intermixing using Al as an implant species 
are limited in comparison with those carried out for Ga and As. That is due to the deep 
level lattice defects associated with the existence o f  excessive amounts o f Al in the 
lattice.49 QWI due to Al implantation shows similar results to those obtained for Ga and 
As in many aspects including the diffusion lengths for a given thermal treatment, the 
saturation behaviour o f the intermixing, and the behaviour o f the PL signal strength with 
the annealing conditions.50
• Gallium was studied next, and was the native implant species that has received most 
interest. Optimum annealing conditions and doses for broad area implantation
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samples were deduced from 
experim ents.51,52 Defects and 
damage introduced by Ga 
implantation were also 
investigated.4127,53 Defects 
due to Ga implantation were 
found in GaAs and AlGaAs 
layers,53 with induced 
intermixing occurring at 
lower temperatures than 
those for As, Ar, and Mg.27 
In addition, such damage 
was found to be annealed 
out more effectively than 
damage introduced by other 
species such as As, Si, and Ar.41 Studying the kinetics, 4 and the mechanisms o f 
intermixing using Ga implantation induced defects,5' along with the channelling 
effects during im plantation,52 lead to the realisation o f lateral features on the 
nanometer scale. 1 Various structures, such as wires and dots with varying sub­
micron dimensions were reported using Ga implantation.31,51,56 
• Less progress has been achieved with arsenic implants, even though arsenic has a 
larger mass than Ga, giving a potentially higher resolution. This might be ascribed 
to the properties o f Ga as an implantation source and especially its stability as a 
liquid metal ion source in focused ion beam technology.40 However, As was 
investigated concurrently with Ga at the initial stages o f the implantation damage 
induced intermixing work. 4,40 Optimum annealing conditions as well as doses for 
broad area implantation were deduced for As implants. 7 ' 8 Studies o f implantation 
damage,41 photogenerated carrier decay tim es,59 in addition to comparative studies 
o f the intermixing behaviour with that o f other species including Ga, F, B and Si 
among,40 were conducted for As implanted samples.
>  Low dimensional structures have recently been reported, when As was studied for 
fabricating quantum well wires, QW W .60 As has a relatively large atomic mass 
compared to other neutral species such as boron, fluorine and gallium, which leads to a 
corresponding low straggling length during ion implantation. The diffusion coefficient 
o f As is also known to be relatively low.40 The implantation energy o f As and its 
corresponding lateral straggling length were then simulated and optimised using TRIM, 
a M onte-Carlo simulation software package.61 In order to introduce a high concentration
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of point defects into the QW, the peak concentration of the ion was placed in the middle 
of the QW. Simulation showed that 45 keV drove the ions to an average range of 27 nm, 
with a lateral straggle of 5 nm. Using this implantation energy, the arsenic ions will not 
penetrate through 50 nm o f SrF2/AlF3which acts as an effective implant mask. Broad 
area (homogeneous) implantation into the shallow SQW structures was performed 
together with fields o f 1:1 gratings with periods varying from 35 to 1000 nm. Low 
temperature PL and room temperature photoreflectance measurements were then carried 
out to study the optical properties o f the QWW fields with optimum As doses for 
intermixing. From PL, the energies o f the lateral wells were found to remain constant 
for wire widths between 1000 nm and 150 nm, and started to shift significantly towards 
high energy for 80 nm wires, showing 1-D confinement effects. The signal of the lateral 
well eventually merges with that of the lateral barrier for 35 nm wires, as can be seen in 
Fig. 2.2, hence an intermixing radius of about 17 nm was estimated for the process. 
Photoreflectance measurements were also carried out on these wire samples, showing 
that the wires appear to have a parabolic lateral potential from samples with barriers 
narrower than 50 nm, as can be seen in Fig. 2.3, which suggests coupling between 
QWWs' wavefunctions.60
The knowledge acquired from the IC technology about the implantation induced 
defects enables high precision and control in introducing them. Therefore the process 
implantation induced defect disordering has great potential to offer to QWI, when compared 
with other, less understood, processes such as IFVD. Current challenges o f the process 
include the dependence o f the QWI resolution on the heterostructures' depth. Although 
QWWs were demonstrated using various implant species, the resolution of the patterns 
produced will always be a function of their depth. Another point o f strength for implantation 
is that the surface layers of the lattice should not have a significant amount o f defects when 
compared with other techniques based on surface defect diffusion.
As can be inferred from the research trends in implantation induced intermixing, 
native matrix elements seem to be the most promising implant species to study. However, it 
would seem that some implants could be used to perform more than one function; Examples 
can be oxygen being used to induce intermixing as well as passivate the carriers. Also As 
can be used for both intermixing and reducing the photogenerated carrier life time due it 
presence in an interstitial form. It should also be noted that deep (a few micrometers) 
intermixing has been realised due to cascade damage of heavy implant species. This 
technique will always offer unique features, having exceptional characteristics of resolution 
versus depth.
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Due to the thermal instability 
o f the InP based quaternary III-V 
semiconductors, the implantation 
induced defect disordering have 
produced more promising results 
than IFVD techniques because they 
can be achieved at lower 
temperatures. However the pivotal 
factor in the success o f implantation 
induced defect disordering, 
especially for fine features, is the 
availability o f appropriate dielectric 
caps for annealing the defects.
Therefore, implantation induced 
intermixing, although promising, 
needs to be used in conjunction with 
the dielectric cap annealing 
technology to produce a process with 
less drawbacks than those associated 
with each technique when used 
separately.
ll.B .2. Plasma Induced Defect Layer Disordering
Reactive Ion etching, RIE, damage is particularly pronounced in MESFETS, where 
it was discovered to cause a reduction o f the transconductance o f the devices.62 The effect o f 
RIE etching exposure can be considered as the exposure to a certain flux o f  ions. Damage 
mechanisms similar to those taking place during ion implantation are associated with plasma 
exposure. The generated defects, mainly point defects, can be directly related to the energy 
transfer.63
The process o f plasma induced layer intermixing (PIDLI) is based on Frenckel 
defect pairs introduced into the semiconductor material, using the hydrogen plasma 
generated in a RIE machine. The process o f  QWI using hydrogen plasma induced layer 
intermixing can be summed up in a few main steps:
Strontium fluoride
-------------
a)
■
b)
Fig 2.4 A schem atic diagram for the gratings used to 
measure the resolution limit o f  the PIDLI process. Their 
effect on the quantum well energy gap is expressed in the 
width o f  the line representing them, a) shows partially 
intermixed region and b) show s fully intermixed region.
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• The RIE machine used was the Electrotech SRS Plasmafab 340 (ET340), the hydrogen 
used was 99.999 % pure.
• The processes are carried out at a RF power o f 150 W with a DC bias o f about -1 kV, a 
gas How rate o f 20 seem, a table tem perature o f 30 °C, and at an operating pressure in 
the range o f 5-8 mTorr for 1 minute.
• The etch rate is dependent on the chamber contaminants, the preceding etching gases 
used, and compounds produced during etching. Etch rate was found to vary from a few 
nm .m in'1, to 200 nm m in '1
• The PIDLI process has been found to etch S i0 2 at a relatively high etch rate o f  about 
200 nm m in 1. On the other hand it was found to etch SrF2 at a relatively slow rate o f 5 
nm m in '1. The range o f  the H2 in the SrF2 layer was computed to be approximately 25 
nm using a T R I M  simulation program.47
• SrF? also suppresses intermixing at the temperatures used in the subsequent annealing 
phase. Layers o f approximately 300 nm o f SrF2 were used as a cap for exposure and 
thermal processing.
• The samples are then thermally processed using RTA at a temperature o f 875 °C for 40 
seconds. Rise and fall times were set to 12 seconds.
• The amount o f  defects resulting from one cycle was not found to cause sufficient Al/Ga 
interdiffusion to achieve the desired intermixing. This is due to the small atomic mass o f 
hydrogen, which governs the atomic interactions with the lattice atoms. Consequently 
defects are introduced for a short range o f energies towards the extremity o f the 
implanted range.
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• To achieve the desired amount o f defects it was found necessary to use several cycles 
while monitoring the degree o f intermixing by measuring the PL shift of the samples. 
Typically 6 cycles were used, giving rise to a 27 nm shift in the QWs PL spectrum.64
After the successful demonstration of laser diode operation in samples which have 
undergone the PIDLI process,64 an attempt to measure the resolution limit o f the PIDLI 
process was carried out. SrF2 gratings, with periods ranging from 4 pm to 22 pm, were 
fabricated on the surface o f the sample with a 1:1 ratio.65 The material used was a standard 
laser double quantum well (DQW) material, see Appendix A for details. The samples were 
exposed to 6 cycles o f plasma and subsequent annealing. Shifts o f about 25 nm between the 
capped and uncapped layers were observed. Due to the etching effect o f the plasma, gratings 
with features below 14 pm were etched away. Data for gratings of only larger features are 
presented. The grating samples should result in QWI with a repetitive profile— one region 
intermixed and the other is non-intermixed as shown in Fig. 2.4. We therefore expect a dual 
peaked PL spectrum resulting from recombination in the two regions. As can be observed in 
Fig. 2.5, the grating sample PL spectrum is indeed dual peaked. The longer wavelength peak 
has the higher intensity, since it corresponds to the narrowest bandgap region in the sample 
into which carriers diffuse prior to recombination. The grating spacing at which the two 
peaks overlap should represent the resolution limit. The PL peaks are well separated, even 
for the 14 pm pitch grating—the resolution limit is therefore less than 7 pm. The resolution 
limit of impurity free vacancy disordering, in comprison, process was reported to be about 3 
pm for a 1.5 pm thick multiple quantum well waveguide.66
Although the process o f quantum well intermixing using damage introduced by a 
hydrogen plasma leads to successful device fabrication, the reliability and reproducibility of 
the process have not been found adequate for device production.47,67 One principal reason 
responsible for the failure in fabricating further PICs using this technique is thought to be 
the problems associated with SrF2 . Such problems are more profound in the PIDLI process 
as compared to the IFVD process, due to the multiple annealing cycles involved (see section 
II.E. for more details). Failure to remove, and hence electrically pump, PICs fabricated 
using this technique have consistently been encountered.67 However, PIDLI served as a 
useful process to study the kinetics of intermixing,68 due to the availability o f models for the 
defects introduced during the plasma process used as will be discussed in chapter 3.69
ll.B.3. Laser Induced Disordering
Laser induced disordering uses laser irradiation to induce intermixing in ILI-V 
heterostructures. This is carried out primarily by two means: If the photon energy is larger 
than the absorption edge of the irradiated material, then the semiconductor will absorb the
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photon leading to a rise in the 
lattice temperature. If the photon 
energy is smaller than that o f  the 
irradiated material, no absorption 
o f the light is possible at low 
intensities. However, as the 
intensity increases multiphoton 
absorption takes place leading to 
the generation o f  point defects in 
the lattice. Upon annealing such 
samples, QWI can take place.
Lasers can also be used indirectly 
to cause intermixing by assisting 
dopant diffusion from surface 
layers.
Laser irradiation was first 
used in disordering processes in 
1986 when Epler et al. developed a 
process o f  disordering by focusing 
an Ar+ laser beam on 
GaAs/AlGaAs SL sam ples.70 
Intermixing is primarily induced in 
the samples due to  the rapid 
melting and regrowth o f the SL. In these experiments a layer o f  Si and a Si3N4 cap was used 
to cause Si diffusion through the AlGaAs during exposure.70 Further annealing o f  such 
samples causes further intermixing due to the IID effect. Spatial resolution better than 70 
nm was observed for 1 pm deep and 3 pm wide regions. Laser power densities o f up to 
4x10 W .cm'2 were used. In 1987 Ralston et al. used pulsed excimer laser irradiation for the 
same purpose, with pulse energy densities o f up to l x l O7 W.cm'2.71 An abrupt disordering 
profile, coinciding with the SL heterostructures interfaces, was observed. Such techniques 
use large photon energies to illuminate the samples, the tem perature rises above the melting 
temperature o f  the sem iconductor at depths beyond the reciprocal absorption length, a . In 
such a molten state the Al atoms from the QW, or the SL, barriers diffuse rapidly throughout 
the melted region. This phase is followed by epitaxial re-crystallisation on the underlying 
solid material forming a nearly perfect single crystal with a homogeneous distribution o f the 
Al atoms. Upon cooling, the semiconductor becomes crystalline again with an average Al
Undoped AlAs-GaAs Superiattice (SLT
(a) As-grown1
[(b) Si3 N4  80CEC (I5h) 4  As|
F ig. 2 .6  SEM s from different G aA s/A IA s superiattice 
sam ples after laser processing. In (a) the as-grown  
sam ple is shown, (b) show s the sam ple after annealing 
with S i3N 4 cap, and (c) show s a sam ple after annealing 
with S i0 2 cap. The dam age o f  the lattice is apparent in 
the SEM s.
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composition to that o f the QW and the barriers.72 Despite the visible damage associated with 
such processes, as can be seen in Fig. 2.6, low threshold laser diodes were demonstrated
using Ar+ and excimer laser assisted disordering.73,74
McLean et al. reported another QWI technique termed Photoabsorption Induced 
Disordering (PAID) for the InP material system in 1992.75 In contrast with the technique 
discussed earlier, this process depends on the absorption of the laser radiation within the 
QW, i.e. the laser irradiation is not absorbed in the cladding.76 This decreases the overall 
damage caused to the lattice while intermixing buried. Bandgap tuned MQW 
electroabsorption modulators were demonstrated using this technique, where the spatial 
selectivity was around 100 jum.77 A variation on this process termed pulsed PAID (P-PAID), 
which uses pulsed laser irradiation instead o f CW, was developed to overcome the poor 
spatial resolution due to thermal diffusion.76 P-PAID depends on introducing native point 
defects in the lattice. The pulsed laser does not supply enough energy for thermally induced 
interdiffusion.78 Spatially and temporally resolved PL measurements showed that the spatial 
resolution of the process is approximately 20 pm, and the carrier life time can be decreased 
by one order of magnitude after exposure to the laser pulses.79 The technique was devised to 
fabricate basic PICs.80,81 It was the enabling vehicle for novel QWI applications such as in- 
situ laser wavelength trimming.82 This technique was not only successful in the InP system, 
but also in the GaAs system. Radiation from a Nd:YAG laser (A,=1064 nm) was used to 
produced bandgap shifts in GaAs/AlGaAs heterostructures through defects introduced by 
multiphoton absorption. This process has also been used to fabricate bandgap tuned lasers,4 
which had threshold currents only a few percent higher than those o f the unprocessed 
samples. CW and pulsed PAID demonstrate immense potential for fabricating OEICs and 
PICs, though they still lack optimisation and reproducibility to be commercially viable.
II. C. Impurity Free Vacancy Induced Disordering
IFVD uses native group three vacancies, generated at the surface o f the
semiconductor, to enhance the interdiffusion of the lattice elements responsible for
intermixing. The vacancies are generated due to the diffusion of group three lattice atoms, 
namely Ga in the case o f GaAs, out of the surface o f the semiconductor and into a dielectric 
cap. Where the out-diffusion takes place, a resultant concentration o f Vin is introduced into
the lattice, in addition to the Vin concentration already introduced during growth.
Interdiffusion o f Al and Ga, which depends on the nature of the dielectric cap and the 
amount o f Vm introduced, then takes place in the lattice. IFVD technology was conceived as 
a result of advances in two fields, the controlled Al/Ga interdiffusion phenomenon, and the
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technology of using dielectric caps in various thermal processing phases o f semiconductor 
manufacturing.
IFVD was first demonstrated in GaAs/AlGaAs in 1986 by Deppe et al., where they 
fabricated channel waveguides due to the refractive index change induced by the 
interdiffusion of MQW structures.83 Two main factors contributed to SiC>2 being the first, 
and most widely studied, cap for IFVD. The first was the importance o f SiC>2 in various Si 
IC technologies such as masks for diffusion, both to prevent and introduce extrinsic dopants 
such as As and Ga.84 The second was the emerging interest in GaAs ICs and the 
technologies associated, in which S i02 and Si3N4 caps were studied to keep the GaAs lattice 
intact during post-implantation annealing.85 These initial studies showed that Ga diffuses 
through the SiC>2 caps at high temperatures, while As does not.86,87
It is useful at this point to make a distinction between the IFVD using dielectric cap 
annealing, and other techniques o f introducing defects, which include introducing defects 
during cap deposition or from a semiconductor layer grown with excess amount o f point 
defects.
11.0.1. Dielectric Cap Annealing Induced Intermixing
Studies o f SiC>2 caps started as early as 1957, when it was considered to protect the 
surface o f Si samples at elevated temperatures, and also used as a diffusion mask for 
impurities such as As.84 While such studies were still of great interest to the Si fabrication 
technology,88 the use o f such caps have proved also valuable for processing III-V 
semiconductors, which are much less thermally stable than Si. Initial studies were carried 
out on S i02 and Si3N4 caps using Rutherford Back Scattering (RBS).85 Characterisation of 
the effect o f S i0 2 and Si3N4 caps along with others such as AIN on the annealing o f GaAs 
was reported.87 Also the diffusion coefficients of various species such as Ga into the SiC>2 
caps during furnace anneals were reported.88 After the discovery of the QWI using dielectric 
cap annealing, IFVD induced by S i02 caps has been studied by numerous groups.89,90’91,92 
The interdiffusion coefficient o f Ga and Al in QWs annealed with SiC>2 caps on, 93 the 
saturation concentration of Ga in the caps,92 and the change o f intermixing with depth were 
all studied.91 The SiCVGaAs interface has been investigated as well using X-ray 
photoelectron spectroscopy, XPS, showing evidence o f an increase in the Ga diffusion 
coefficient in SiC>2 caps for rapid thermal processing by two orders of magnitude than that of 
conventional furnace annealing.94 Further, the effects of the cap thickness, anneal 
temperature, and anneal duration, on the amount o f intermixing were reported.90 It was 
found out by using deep level transport spectroscopy, DLTS, that the nature o f defects 
induced by annealing GaAs with caps such as Si3N4 and SiC>2 were similar to those o f EL2 
defects.95 To the best of our knowledge, all the studies o f SiC>2 have shown that such caps
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are suitable caps for Ga diffusion, unlike Si3N4, which was found to prevent Ga diffusion 
when deposited in certain ways.87 SisN4 was studied as a viable dielectric cap for inhibiting 
intermixing in IFVD at the same time as SiC>2 ,83 leading however to results with less
A/" QA QQ
consistency than those o f SiC>2 caps. ’ * ’ Reasons behind the inconsistent observations 
for Si3N4 caps when compared to those o f SiC>2 are thought to be due to existence o f 
contamination in the films. Such contamination along with the intermittent deposition 
conditions lead to variation in film composition and matrix density. Difficulties have often 
been experienced in producing nitrides in a pure state. Since the deposition o f Si3N4 is 
always associated with 0 2, it thus induces the formation of SixNyO." The density o f the film 
matrix also affects the diffusion of elemental Ga and As into the film, hence affecting the 
amount o f intermixing. This topic will be discussed in more details in chapter 4. Although in 
the early days o f IFVD, laser devices were fabricated using the SiCVSisN* cap ensemble, 
little has been reported since then using Si3N4. However, SiC>2 was often used in conjunction 
with areas with no caps, to produced differential shift in GaAs.100’101’102 Quantum well wires 
in the surface proximity were fabricated using this technique.100 Intermixed waveguides with 
very interesting mode filtering characteristics were also reported.101 In addition, novel non­
linear switches were demonstrated using this capping system to locally control the x(3) 
coefficient.102
Selective disordering is necessary for device applications. Initially, layers that need 
not be disordered were thermally processed without dielectric caps. Although the 
heterostructures underneath such regions exhibited a limited but finite amount o f  
intermixing, a differential shift could still be attained. However, the lattice quality 
underneath these regions have been observed to deteriorate upon thermally processing. 
Suitable caps are therefore necessary to keep the lattice intact.
SrF2 was consequently explored as a potential cap to inhibit intermixing since it 
exhibited minimal PL shifts due to disordering.103 The Si02/SrF2 capping system has 
produced up to 240 meV differential shift.104 The activation energy for the Ga/Al 
interdiffusion coefficient in regions underneath SrF2 caps was found to be 6.4 eV,93 which is 
larger than the activation energy observed for diffusion produced due to thermal-induced 
dissociation in GaAs/AlGaAs structures.105 Successful optoelectronic devices have been 
realised using such capping system.106,107 The SrF2 cap exhibited several unfavourable 
properties though. Excess damage and inefficient electrical pumping have been reported 
upon annealing GaAs with SrF2 caps.108 Further discussion o f the damage will be presented 
in chapter 4. SrF2 has been now replaced with another cap exhibiting less side effects, 
namely SiCbrP.
In 1995 E.V.K. Rao et al.109 have announced Si02:P as a universal QWI cap for III- 
V semiconductors, which was suggested to replace plain SiC>2 . Work has been carried out in 
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the Department o f Electronics and Electrical Engineering at the University o f Glasgow to 
verify this work. As will be discussed in the chapter 4, Si02:P caps have been shown to 
inhibit intermixing in almost all o f  the doped layer structures used. Different amount of 
phosphorous has however been used in these experiments.110,111 The negligible damage 
associated with this process allowed the demonstration o f very efficient mode-locked laser 
diodes integrated with external cavities using this capping system.112
Further studies o f the various characteristics o f dielectric caps used in IFVD 
revealed that it is possible using a single type o f dielectric caps to achieve selective 
intermixing. The technique depends on altering the dielectric cap properties to control the 
out-diffusion of Ga during annealing.113 The technique provides both, the promise o f high 
resolution IFVD capping system, and improves the current understanding o f the 
mechanisms of the dielectric cap annealing process.
II.C .2. Other IFVD Techniques
Dielectric cap annealing is not the only means by which we can induce IFVD. Some 
techniques introduce point defects by affecting the structures surface composition to 
enhance, or inhibit, Ga out-diffusion during annealing. Others introduce point defects by 
using hybrid techniques such as combining ion bombardment induced defects with dielectric 
cap annealing in one step.
The surface o f the semiconductor plays a paramount role in controlling the Ga out- 
diffusion. Some recent techniques successfully made use o f the surface structure as a means 
of controlling QWI. Native oxide growth using hydrogen plasma treatment was reported to 
inhibit QWI in the areas underneath. XPS studies on these surfaces showed the presence of a 
Ga2C>3 rich native oxide, which lead to the conclusion that this oxide composition limits the 
Ga out-diffusion at elevated temperatures. Disordered MQW waveguides, produced by this 
technique were investigated showing up to 64% modulation in the non-linear self-phase 
modulation coefficient n2, as well as increased propagation losses at 1.55 pm from 0.94 
dB.cm']to 6 dB.cm'1.114 Also a 17% modulation in the y}2) coefficient was achieved in 
asymmetric GaAs/AlGaAs quantum wells using this intermixing technique.115 
Independently, a few months later, on the other side o f the globe, anodic oxidation was 
reported to produce layers o f native oxide on GaAs/AlGaAs structures, which enhance 
QWI.116 The anodic oxidation recipes were originally used as a means for current blocking 
in laser diodes. The technique was demonstrated to be viable when succeeded in enhancing 
the emission from QWWs grown on sawtooth-type non-planar GaAs pre-etched substrate.116 
Anodic oxidation was then further studied and optimised.117 However, no conclusive 
evidence was presented to explain the enhanced QWI.118 No devices were demonstrated
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using that technique and no spectroscopic investigation of the nature o f  the oxide was 
carried out either.
For enhancing Al/Ga interdiffusion through native point defects, another technique 
has been also reported. The technique utilises the fact that the mechanical treatment history 
of the semiconductor is crucial in determining the point defect concentration. Growth 
temperature of semiconductor is a detrimental factor in defining the amount and nature of 
defects incorporated in the semiconductor lattice. Interstitial As atoms, antisite defects, as 
well as Ga vacancies are usually associated with GaAs grown at temperatures within the 
vicinity o f 200 °C.119 Several hundreds o f nanometers o f low temperature (LT) GaAs were 
therefore grown as the top layer o f a SL structure to investigate the possibility o f achieving 
differential QWI using the associated point defects. Upon thermally processing such 
structures using a RTA at temperatures varying between 700°C - 850 °C,120 bandgap shift up 
to 200 meV, were observed in layers with only 100 nm o f LT-GaAs on top of the SL. On 
the other hand uncapped regions experienced a shift o f about 40 meV undergoing the same 
thermal treatment. Similar LT-GaAs layers grown beneath SL structures cause similar 
intermixing, but less than the one induced LT GaAs layers on top of the SL structures. The 
technique has been also used to induce disordering in InGaAs/GaAs QCHs, with activation 
energy of 1.63 eV for the In-Ga interdiffusion. Such energy is less than the thermally 
induced interdiffusion coefficient, 1.93 eV, which allows differential bandgap shift between 
capped and uncapped regions.121 This technique is seen as particularly attractive in replacing 
S i02 caps for samples incorporating SLs, since Si has been found to diffuse from the caps 
during RTA into the SL layers if  they are within a few hundreds o f nanometers from the 
semiconductor surface.122
A technique was reported recently as an effective means to realise selective QWI, 
and was demonstrated for almost all III-V semiconductor material systems.123 It uses 
sputtered S i02 caps to introduce point defects due to sputtering induced damage. The 
defects as well as the dielectric caps play a role in the QWI, which takes place where the cap 
is in direct contact with the semiconductor surface. Such conclusions were drawn upon 
investigating the damage induced by the film deposition using a special wafer with QWs at 
varying depths.123 The intermixing due to deposition induced damage prior to thermal 
processing has been previously reported for Si3N4 deposition.96,97,98 However the recently 
reported techniques have been devised to fabricate functional PICs and OEICs such as 
external cavity lasers.124,125 Some investigations regarding the resolution of the process will 
be presented in chapter 5 o f this thesis.
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III. S ummary
In this chapter we have presented a brief overview of the main QWI intermixing 
techniques. The origin o f each technology as well as the major advantages and 
disadvantages were also highlighted. An emphasis on the process of IFVD has been made 
due to the roll it plays in the research undertaken in this thesis. The latest advances in the 
IFVD technology were documented. Such an overview will be used to assist guiding the 
research undertaken. Concluding remarks can be summarised as:
Impurity induced disordering, although unsuitable for passive optoelectronic 
devices, can be a valuable technology for active devices. The potential IID has stems from 
the understanding o f dopant diffusion, and the control o f introducing such dopants. 
Implantation induced defect disordering is gaining much interest recently because of its 
unparalleled success in the InP material system. However the lack of appropriate capping 
system for annealing might be a limiting factor for the advances achieved by this technique. 
Interest in low dimensional patterning using implantation will be a major driving force 
behind the research. That is because the buried structures will have no shortcomings caused 
by interface states and hence the recombination associated with interface states will be 
eliminated.
Implantation induced defects using RIE machines is likely to be a strong candidate 
for replacing disordering using implantation induced defects. This is due to the economical 
overheads involved in using an implanting machine. However hydrogen is not a good 
implant species to use for intermixing purposes as demonstrated by investigating the PIDLI 
process. The hydrogen ion mass, and hence the multiple annealing cycles associated with 
the PIDLI process pose a detrimental obstacle in the success of this process and any similar 
processes. The PIDLI process, nevertheless, served as a useful pathway to develop 
quantitative methods to explain the kinetics o f intermixing.
Intermixing techniques, which use laser annealing, lend themselves to mass 
production, in-situ intermixing during device operation, and in-situ monitoring o f the degree 
of intermixing through optical spectroscopic techniques such as Raman spectroscopy. 
Industrial interest is likely to be shown if better control is demonstrated over such processes. 
This can be achieved by either using anti-reflection coatings, or using a laser beam with a 
reproducible intensity profile and a direct beam writing technology. The survival o f this 
technology, and its transfer to industry, is perhaps primarily governed by the advances 
achieved in the fields o f laser beam shaping, steering and optical multi-layer coating. One 
emerging science, which might greatly enhance this technology, is free space holography.
Impurity free vacancy disordering is the simplest technology to realise QWI. 
Process complexity and equipment overheads are the least when compared to irradiation 
 __   31
Impurity Free Vacancy D isordering fo r Integrated Photonic Devices
Review of Techniques and Advances Chapter 2
induced disordering. However, the defects are introduced from the surface, which imposes a 
limitation on the process resolution versus depth, as well as the status of the lattice above 
the intermixed heterostructure after annealing. An investigation of the reverse bias 
performance o f structures processed by this technique has not yet been undertaken, and 
should prove useful in assessing the effect o f the defects introduced on the lattice. 
Generally, principal challenges within IFVD lie in the reproducibility o f the performance o f  
the dielectric caps, and the ability o f achieving a differential shift within the range o f  tens o f  
meV to minimise bandedge absorption with a minimal associated shift under the un­
intermixed regions. This is not yet achieved due to the lack o f comprehensive understanding 
of the mechanisms involved in processes such as intermixing using dielectric cap annealing. 
It is interesting to note that despite the whole host o f applications which SiC>2 cap annealing, 
there has been no work explaining the reason of the elevated temperature diffusion of  
elemental Ga and As for the crystals.
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QUANTIFYING
INTERMIXING
KINETICS
Although the exact mechanisms are not completely understood, it is agreed that 
compositional intermixing in III-V semiconductors takes place through the diffusion o f the 
native point defects of the lattice. Therefore, modelling the intermixing behaviour will depend 
substantially on understanding the kinetics o f the motion of point defects. At equilibrium the 
distribution of these defects will be governed by the means that generated them, and hence 
their characterisation is relatively simple. However, non-equilibrium situations are far from 
trivial to represent. This is partially because experiments are highly sensitive to every 
parameter in the surrounding ambient o f the sample. Therefore proper experiments need 
excessive degrees of control on the experiments' environment.
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I. M otivation
The deployment of quantum well intermixing (QWI) as a replacement for regrowth 
and overgrowth processes, which are used in realising optoelectronic and photonic integrated 
circuits (OEICs and PICs) has been steadily increasing ever since it was first reported in
1981.1 However, most work to date towards characterising the phenomenon has been 
primarily technological. No comprehensive explanations o f the mechanisms involved were 
presented until 1988,2 when a quasi-equilibrium Fermi level model was developed to describe 
the intermixing of GaAs/AlGaAs heterostructures. Although limited modelling work has 
followed, it is mostly either incomplete or has only described trends rather than relating the 
underlying physics to experimental measurements.3,4’5,6’7 One decade later, the effects of 
factors such as the Fermi level effect, the As overpressure, as well as the other experimental 
parameters were unveiled using basic physical relationships such as the Gibbs phase rule.
A comprehensive qualitative model would permit further process optimisation. Such 
a model would not only result in improved control of existing processes such as Impurity Free 
Vacancy Disordering (IFVD) in GaAs based semiconductors, but is also necessary for 
extending the technology to more complicated semiconductor systems, such as IFVD in InP 
based semiconductors.
In this chapter we develop such a model, and start by highlighting the physical 
assumptions underlying the model. The process o f hydrogen plasma induced defect layer 
intermixing (PIDLI) will then be briefly explained. The model is then used to calculate the 
amount of intermixing expected from the defect profile introduced by the PIDLI process, and 
compared with the amount of intermixing actually measured. Similar calculations and 
comparisons are also made for the process o f IFVD. A discussion and evaluation of the 
developed model are then presented, followed by a summary.
II. Intermixing  M echanisms
Compositional intermixing,9 and hence A1 and Ga interdiffusion, in GaAs/AlGaAs 
heterostructures is either carried out directly through diffusion o f group III vacancies, Vm , as 
described by the equation,
Vo. « •  Vo. + K  (Vc. + I a, )  + Va, o  Va„  (3.1)
or is assisted by the formation of group III Frenckel defect pairs, through diffusion of group 
III interstitials, lm ,2
1 Ga ^  IG a  +  ( F a I +  ^ A l )  ^  Ga +  F l  ) +  F l  ^  F l  > ( 3 - 2 )
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Therefore, the interdiffusion coefficient of group III sublattice atoms through the 
heterostructure is dependent on the diffusion coefficient, as well as the concentration, o f both 
group III point defects. Each defect is created with a certain activation energy, which 
primarily depends on the Fermi level o f the semiconductor, the As surface concentration, the 
ambient temperature, and the scheme by which it was created.8
Group III point defects and Frenckel defect pairs can be introduced by various 
schemes. Impurity induced disordering, IID,1 uses the dependence o f the equilibrium defect 
concentration on the Fermi level in the semiconductor to increase the number of group III 
defects. IID, however, introduces excessive free carrier absorption.10 Implantation defect 
induced disordering,11 PIDLI,12 and pulsed photoabsorption induced disordering (P-PAID),13 
utilise point defects and Frenckel defect pairs introduced due to the interaction between the 
semiconductor lattice atoms and implanted ions, plasma ions, and photons respectively, to 
enhance Ga/Al interdiffusion. Limitations then arise due to the other types o f defects 
introduced by such processes. Line defects and dislocation loops are examples o f defect 
types, which are not annealed out at elevated temperatures, and can even act as sinks for 
point defects.14 On the other hand, IFVD uses the group III vacancies introduced due to Ga 
out-diffusion into dielectric caps at elevated temperatures to assist Ga/Al interdiffusion.15 
IFVD has been utilised extensively to fabricate OEICs and PICs, due to its simplicity and the 
resulting low optical losses.10,16 A given defect profile introduced by any o f the 
aforementioned means will diffuse within the lattice when being thermally processed. Since 
we are interested in the kinetics o f the interactions between point defects and lattice atoms, 
investigating the statistical behaviour o f the point defect diffusion will reveal the underlying 
physical mechanisms more comprehensively.
Because QWI is carried out primarily at elevated temperatures through diffusion of
lattice. The statistical nature of the behaviour of an arbitrary defect profile at elevated 
temperatures is modelled, and hence its contribution to the Al/Ga interdiffusion in 
GaAs/AlGaAs heterostructures is quantified. The approach shows promising agreement when
III. E lements O f T he M odel
native point defects in the semiconductor, the model starts by studying such diffusion in the
compared with experimental results.17,18 In principle, similar calculations can be performed 
for any intermixing technique for the GaAs/AlGaAs system.
The diffusion coefficient on a given sublattice can be expressed as,19
(3.3)
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Al0 sGao 5A s GaAs QW
AlGaAs
liu r ier
G aAsQ W
Intemixed
profile
Final position v
O Group Three 
Vacancy
Ga profile after
diffusion
F ig . 3.1 Schem atic diagram o f  the lattice hops com prised in Ga out-diffusion from the quantum  
w ells, and the quantum w ell interface crossings carried out by group three vacancies during the 
random w alks associated with their diffusion.
where wv is the effective defect hop frequency, a„ is the lattice constant o f GaAs, and an /2 is 
the hop length between group III lattice planes, given that the group III point defects will 
primarily diffuse on the group III sublattice. We consider here that hopes between lattice 
planes are those responsible for interdiffiision across the QW/barrier interface. The 
factor /  is the reciprocal o f the number o f directions o f the nearest neighbouring sites to 
which the vacancy can hop. For three-dimensional diffusion in the crystal, /  is equal to 1/3. 
This picture suggests that, within the regions where [Vm] »  [////], diffusion is determined 
primarily by vacancies. It should also be noted that the background equilibrium concentration 
o f Vui ought to be taken into consideration if it was found to have a significant effect on the 
amount o f intermixing induced. However, the reported Vm background equilibrium 
concentration in undoped QW s is equal to 1 .25x l031 exp[-3.2 8 /^ 7 ]  cm'3, ' and will have no 
significant effect on the amount o f induced intermixing at annealing temperatures below 1000 
°C, as will be shown in this chapter.
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Step 1 Step 2
StepN Qa StepN+1
N » 1  jZ  N » 1
A l  O
F ig . 3 .2  Schem atic o f  the group III G aA s/A lA s sublattice show ing the different steps of 
vacancy diffusion across the QW/barrier interface, early stage o f  a A lA s/G aA s  
heterostructure, and after a long diffusion tim e, where there is a finite amount interm ixing on 
the group III sublattice.
At the early stages o f  diffusion (step 1&2), all the vacancy interface crossings, NqW, w ill 
result in Ga, Al interdifftision from the QW , barrier respectively. However after som e tim e  
(step N & N + l), the probability that a Ga atom diffuses out o f  the w ell, when a V,n m oves in is 
finite, and is equal to Cq% jC 0 . S im ilarly the probability that an Al atom diffuses into the 
w ell, when a VUi m oves out is finite, and is equal to C b^ rner fC () . That is why the total 
number o f  lattice hops result in interdiffusion should have a factor to account for the initial 
and tim e induced change in the G a/Al concentration in the QW/barrier respectively. The 
coefficient should be the product o f  the probabilities that the transported across the interface 
is the one required ( i.e. Ga out o f  the QW , and Al into the QW ).
Prior to annealing, GaAs/AlGaAs heterostructures have an abrupt change in the Ga 
concentration at the QW interface. In the presence o f a given concentration o f group III 
defects, at elevated temperatures Ga/Al interdiffusion will take place across the interface, 
giving rise to an error function-like profile. Assuming a GaAs/AlAs heterostructure, the Ga 
profile at one in terface can thus be expressed as,"
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C
C  = -^-erfcQW 2 S - V 2 (3.4)
where C qw  and D q W are the concentration and the diffusion coefficient o f Ga atoms out- 
diffused from the quantum well respectively, C0 is their initial concentration in the wells, Lz is 
the quantum well thickness, and z  is the spatial depth parameter. The movement of Ga atoms 
takes place through vacancy diffusion, therefore the profile o f the diffused Ga arises from a 
certain number of discrete lattice hops. It should be noted that the diffusion profile o f  the 
QW is taken in this case as an erfc as opposed to a Gaussian, because the diffusion 
lengths studied in QWI do not exceed a few  nanometers, which is much less than the 
well width, and hence presenting the Ga concentration o f  the QW as a delta function 
is not a valid approximation in our case. The number of lattice hops can be obtained by 
integrating the spatial parameter over all the Ga concentration outside o f the well boundary, 
and normalising it with respect to the lattice hop length, as shown in Fig. 3.1. The number of 
lattice hops required to achieve a given diffusion profile is calculated from,
purpose o f  the constant k  will be discussed below. This means that if  we are able to 
predict a number of lattice hops generated by the diffusion of a given Vm profile, then by 
substituting this value as Nqw and solving equation (3.5), one can obtain an associated value 
of D q W for a given Vm concentration. Because we study a single heterostructure interface to 
calculate the number of lattice hops, the diffusion profile is an erfc, whereas for a QW (or a 
double QW) the diffusion profile is a superposition of the erfc profiles at every interface (see 
also chapter I).20,21
The expression for Nqw above was found, however, for a GaAs/AlAs interface, under the 
assumption that the Ga concentration in the barrier always remain sufficiently small that 
every Ga atom out-diffusing from the well is replaced by an Al atom from the barrier. When 
the barrier Al concentration is not ~100%, the fluxes of Ga and Al will change by a factor 
depending on their concentrations in the atomic layers on either side o f the QW/barrier 
interface. Therefore, a factor k is introduced in equation (3.6) to account for the fact that the 
Al concentration in the barrier will not generally be 100%; (k is equal to unity in case of a 
GaAs/AlAs heterostructure). It must also be a time dependent coefficient to account for the
(3.5)
where C q W(L J 2 )  is the concentration of Ga at the edge of the well and A: is a constant. The
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changes in Ga and Al concentrations at the interface as intermixing takes place. As explained 
in Fig. 3.2, the factor k is equal to 1/(xbf mer (/)), where x™a11 (t)  and x b^ mer{t) are
the time dependent Ga and Al concentrations in the atomic layers on either side o f the 
QW/barrier interface normalised by C0, the concentration of group III atoms in the lattice. 
When the factor k is added to equation (3.5) the expression then represents the actual number 
o f lattice hops, by taking into account the finite probability o f an Al atom diffusing from the 
barrier to the quantum well, and of it being replaced by a Ga atom out-diffusing from the QW 
to the barrier. Using the erfc approximation, for an AlAs/GaAs at t=0 we find that k= 1, while 
when t tends to infinity, k is equal to 4, which is the reciprocal of the product o f the 
normalised Al and Ga concentrations at infinite time, 0.5x0.5. For an Alo.2Gao.8As/GaAs at 
t= 0 we find that k=5, which is the reciprocal o f the product of the initial normalised Al and 
Ga concentrations in the barrier and QW respectively, 0.2x 1. When t tends to infinity, k is 
equal to 11, which is the reciprocal o f the product of the normalised Al and Ga concentrations 
in the barrier and QW respectively at infinite time, 0.1x0.9.
After calculating the number of lattice hops we substitute for N qw  in equation (3.5) 
and solve to give the corresponding D q W. The PL shift resulting from this diffusion coefficient 
calculated can then be obtained and compared with the experimental one. PL shifts 
corresponding to a given diffusion length are calculated by solving the Ga diffusion equation 
in a QW in conjunction with the Schrodinger wave equation to obtain the confined energy 
levels for a given diffusion length.20 The Ga diffusion is assumed to follow Fick's law 
resulting in a diffusion profile represented by double erfc. To calculate the number o f lattice 
hops induced by a given vacancy concentration, we therefore need to study the effect o f Vm 
on a heterostructure interface during annealing.
At the interface o f a heterostructure, each time a Vm crosses the plane into the 
quantum wells, a Ga atom moves one lattice site, in the opposite direction, out of the well into 
the barrier. A subsequent un-correlated interface crossing o f a Vm in the opposite direction is 
needed to transport an Al atom one lattice site towards the well, as illustrated in equation 
(3.1). Therefore on average, for each two crossings of the barrier/QW interface carried out by 
Vm, one Al atom can move one lattice hop towards the interface eventually replacing the out- 
diffused Ga atom. In the calculations reported here, we assume \Vm] is the same at both 
interfaces o f a particular QW.
The total number of barrier/QW interface crossings undertaken by the atoms, NIC, 
will therefore correspond to the total number of lattice site-hops available for the Al/Ga 
interdiffusion, which can be calculated for a time span t by,
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N ic ~ j ry -N v{d qW , t \d t  f (3.7)
o ^
where Nv(dQw,t) is the time dependent VHI concentration at one o f the QW interfaces. For a 
given vacancy concentration Nv(dQW,t) generated by any means, the model predicts Njc lattice 
hops are available for group III interdiffusion across that interface. The value of NIC 
calculated from the model above must therefore be the same as Nqw in equation (3.5), and
hence the corresponding values o f DqW and J?Dqw for a given vacancy profile, Nv(dQw,t), can
be calculated, from which the predicted PL shift is obtained.20
In the rest o f the chapter the validity o f the model is demonstrated through the 
agreement between the calculated and measured PL shifts calculated from the diffusion 
coefficient as discussed above.
IV. M odelling  The K inetics of D ifferent 
Intermixing  P rocesses
The model presented above does not put any restrictions on the means by which the 
defects are introduced, which makes it suitable for modelling intermixing o f the whole range 
of intermixing processes available. However, the model requires knowledge o f the kinetics of  
introducing the defects in the lattice, which might not be readily available for every 
intermixing technology. Before comparing the model predictions with experiment, it should be 
noted that, although the model is process independent in the means by which it treats the 
defects, care should be taken in determining the defects that contribute to the interdiffusion 
for a given process. As an example, implantation defect induced disordering and PIDLI 
produce primarily Frenckel defect pairs, some of which may then recombine through 
interaction with neighbouring interstitial-vacancy pairs. However, in the steady state, the 
remaining defects would be distributed with a sufficient separation from one another to 
minimise recombination. For IFVD, on the other hand, the primary type o f defect introduced 
is the Schottky defect, namely VIU or Vv, hence lm-Vm recombination plays a minor role. Such 
considerations are o f paramount significance when attempting to quantify defect profiles 
resulting from experimental processes.
IV.A. Kinetics o f Plasma Induced Defect Layer Intermixing
PIDLI is based on multiple cycles of exposing heterostructure samples to hydrogen 
plasma in an RIE machine, followed by thermal processing in a rapid thermal annealer 
(RTA). As discussed in Chapter 2, bandgap shifts in excess of 40 meV have been achieved 
with such a process in 8 cycles.12 RIE damage has adverse effects on many devices, and in 
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Q W
t=0 s
t= 0 .6  s
t= 6  s
t= 60  s
0 0 1 0.2 0.3
D epth  (p m )
F ig. 3 .3  Group three vacancy concentration in the G aA s/A lG aA s sin gle  quantum well 
structure for different annealing tim e spans for the PIDLI process. The surface 
recombination velocity o f  group three vacancies used in the calculations is 0 . 1  cm .s'1.
particular MESFETS where it was discovered that it caused a reduction o f the 
transconductance when gate recess etching had been carried out using RIE.22 Irradiation 
damage is caused by the hydrogen ions in the plasma impinging on the semiconductor surface 
during the plasma exposure. Energy is therefore transferred to the lattice, introducing point 
defects,2' mainly interstitials resulting from the incident ions and neutrons, or lattice atoms 
knocked off due to the momentum transfer. There can also be vacancies resulting from the 
knocked off atoms, the vacancies being created where the knock off has occurred.
The defect profile produced by a RIE process similar to PIDLI, based on a H 2 /C H 4  plasma, 
has previously been studied and characterised.24 Phenomenological expressions for the defect 
profile have been obtained. The distribution function o f the defects can be written as,
N(z,  v(t - 10)) = ^ exp[- (z -  v(t - 1()))/ A](l -  exp[- v(t -  tQ)/ (3.8)
v
where z is the distance from the surface o f the semiconductor, v is the etch rate in nm.s’1, t  is 
the plasma exposure time, g() with dimensions o f c n v .s 'i s  a parameter related to the number 
o f bombarding ions, and A, with dimensions o f nm is dependent on the ion energy. T he term  
vt0 is to  accoun t o f  any e tch ing  the sam ple surface du ring  the p lasm a exp o su re  w hen 
describ ing the dam age as a function  o f  d ep th  from  th e  surface. In the referenced work, 
the defects studied were deep level traps, quantified through quantum wire conduction 
measurements. The concentration o f group III defects is expected to have the same functional 
dependence as that o f the deep level defects, since both are created by hydrogen ion 
bombardment.1 Therefore equation (3.8) was assumed to give the initial vacancy profile in 
our calculations. By integrating (3.8) and substituting the numerical values o f the parameters
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F ig . 3 .4  Plot for the PL shift versus the corresponding diffusion length for an asym m etric 
quantum w ell. The inset show s the QW com position.
quoted for the H2/CH 4 RIE process with the exposure time o f the PIDLI process, which is 40 
s, the sheet density' o f induced defects is,2"
00
J N ( z ,v ( t - t a))dz, (3.9)
where the values o f the phenomenological expression reported by Rahman et al. 25 were used, 
where g„ is 6 x lO if> cm'3 .s '1, t is 40 s, A, is 30 nm, and v is 15 nm .s'1. After evaluating the 
above integral, and substituting with the constant’s values, the sheet density o f the defect 
profile introduced was found to be, 17
c .: . (z ,4 0 ) = 5 .6 X 1012 e x p [ - z /3x 1 (T6 Jem 2 . ( 3 . 1 0 )
Vacancies and interstitials will be created in almost equal numbers during plasma exposure. 
Although a fraction o f these will recombine instantaneously, the diffusion coefficient o f 
interstitials is sufficiently large, even at room temperature , 4 to allow some o f them to diffuse 
into the bulk o f the sample, leaving behind a vacancy profile given by (3.9). It should be 
noted that diffusion o f interstitials alone does not necessarily lead to significant intermixing, 
as can be seen in equation (3.2). At elevated temperatures, the vacancies' behaviour will be 
primarily governed by their diffusion into the bulk o f the semiconductor and by their 
annihilation at the semiconductor surface. Because o f the large concentration gradient 
immediately below the surface, the preferential direction o f diffusion, dictated by the 
derivative o f the concentration gradient, will be towards the surface rather than towards the 
substrate. The concept o f  recombination o f carriers at the surface with a certain 
recombination velocity has been adopted, in the model, to describe the annihilation o f 
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F ig  .3 .5  Plot for the square o f  the diffusion length and the anneal tim e for the both the 
PIDLI (red points) and IFVD (blue points ) processes. The lines are linear fit o f  the  
experim ental data represented by the points. The slope o f  the lines passing through the 
measured points is approxim ately constant g iv ing  a value o f  D q W equal to 3 x  10 ‘ 17 cm 's ' 1 
for the PIDLI process, and equal to 3 .22 x  10 ' 15 c m V 1 for the IFVD process.
vacancies at the surface o f the semiconductor exposed to the hydrogen plasma in the PIDLI. 
Assuming the surface o f the semiconductor is at an arbitrary position /, where vacancies have 
a surface release velocity Vpiou, the diffusion equation governing the behaviour o f the 
vacancies and the appropriate boundary conditions, can be expressed as,
dC
(3.11)
dz dt
@ / = oo -»  cvac =  0,
@ 1  = 0 -> Cvac = - 2 ,4 0 ) ,
a c _
(3.12)
z / —> vP]DLICvac Dvac
dz
Solutions for such a boundary value problem are obtained according to Sturm-Liouville 
theory.26 In this approach, the time varying concentration profiles are expanded as a series o f 
orthogonal functions. W e chose to define the initial problem in way that resu lts  in odd  
sym m etry, w hich allows us to  use one set o f  o rth o g o n al functions, nam ely odd 
trigonometric functions, to describe the behaviour. T his there fo re  sim plifies the 
boundary -cond ition  equations. T he co n cen tra tio n  can be w ritten  described by,
V„(z,f) = X X -sin  U„z]exp[- £„Dmct \ (3.13)
rt = I
Impurity Free Vacancy D isordering fo r Integrated Photonic Devices
50
Quantifying Intermixing Kinetics Chapter 3
c/)
a.&00-accd
CQ
40
35
30
25
20
15
10
M easured ♦  C alcu lated  (3Dvnc) 
C alcu lated  (Dvac) — ' ^
C alcu lated  (2Dvac)
10 20 
A nneal T im e (s)
30
F ig. 3 .6  Measured and calculated PL shifts resulting from the PIDLI process in a shallow  
single  quantum w ell for different values o f  Dvac.
k  _ (c ^ ( * » 40) sin[V ] )  
(sin[/l„z}sin[/U}>
An => n th ro o t o f  : tan[/./l,; ] =  - ^ n' ^ vac
(3.14)
(3.15)
The diffusion profile o f Nv(z,t) is shown in Fig. 3.3. The predicted number o f  lattice hops 
contributing to intermixing, Nic, can then be calculated from equation (3.13) using the 
reported process parameters.24
To obtain the actual number o f  lattice hops, N(ia, an experiment has been carried out 
to measure the diffusion coefficient o f Ga out-diffusing into the barriers. This diffusion 
coefficient can then be used to calculate NGa from equation (3.5). The wafer used was grown 
on a n-type GaAs substrate with a shallow quantum well placed at a depth o f 30 nm. Starting 
from the substrate, an un-doped GaAs buffer layer o f 100 nm was grown followed by 500 nm 
o f n-type Ga063Al037As doped to 7 x 1016 cm'3. The QW, 5 nm o f un-doped GaAs was then 
grown followed by 2 nm o f AlAs, and 20 nm o f p-type Gao.63Alo.37As doped to 7  x 1016 cm ’, 
and a 10 nm GaAs p cap. Samples with 3 m m x 3 mm area were then exposed to a single 
cycle o f the plasma and annealed for different time spans, namely 10, 20 and 30 s. The PL 
spectra o f the samples were then measured, from which the diffusion length was obtained by 
solving AI/Ga diffusion equations in conjunction with the Schrodinger wave equation for the 
Q W . 20 In Fig. 3.4 the PL shift vs. the diffusion length obtained from the calculations is 
plotted. Upon plotting the square o f the diffusion length against time, as shown in Fig. 3.5,
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the relation was found to be linear. This produces a time invariant Ga diffusion coefficient, 
for the range o f anneal time spans and param eters o f  the p ro cess  used. The slope o f the 
line is directly proportional to the diffusion coefficient, L2n = D( t , hence the Ga diffusionuGa
coefficient was found to be 3 x l O 'c n r s '1. Using the reported value for Dvac, which is 0.96 
exp[-2 .1 2 /kBT] cmV1, the value o f wvcan be obtained from (3.3). It was found to be 2.8 x 10’ 
hop.s'1. 1 Because N v{cIqW,t)  is now known, N jc  and the associated PL shifts calculated from 
the model can be compared to those measured. The plot o f the measured and predicted PL 
shifts is shown in Fig 3.6.
During diffusion, vacancies are expected to be annihilated at the free surface o f the 
semiconductor, i.e. the probability o f a vacancy being reflected is almost negligible. The 
expected vacancy surface release velocity v is, therefore, effectively infinity. The saturation 
effect o f  the surface recombination velocity on N IC is seen in the model for values o f v larger 
than 1 x KT1 cm .s'1.17 It was found that the PL shifts predicted by the model for the PIDLI 
process have an order o f magnitude agreement with experiment carried out at 875 °C, for 
surface recombination velocities larger than 1 x 10'4 cm .s'1 as can be seen in Fig. 3.7. In other 
words, the PL shifts predicted by the model agree best when v tends to infinity, which was 
expected for the condition o f the semiconductor surface after plasma exposure in the PIDLI 
process. However, if the value o f Dvac is increased, better agreement between the calculated 
and measured values is achieved, as can also be seen in Fig. 3.6. When Dvac increases, the 
resulting intermixing decreases because [Vm] exists in the vicinity o f the QW for shorter time
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Fig. 3.8 Plot for the Ga profile in a 200 nm S i02 film, and the resulting group 111 vacancy 
profile in the semiconductor for different annealing times at 950 °C.
spans due to its rapid diffusion out o f the sample. For v equal 1 x 10"4 cm .s'1 and a value for 
Dvac, twice the reported value, 1.13 x 10" cm" s '  at 875 °C, the measured PL shifts are in 
close agreement with those predicted from the model. Inaccuracy in the reported values for 
Dvac are likely to take place, and can be ascribed to the indirect means by which these 
measurements were carried out. The values reported for Dvac in the reference quoted were 
extracted from the rate o f interdiffusion in a GaAs/AlGaAs QWs. This rate, as discussed in 
this chapter, is not fully understood and is not likely to be accurately quantified. Therefore 
finding the best fit for a value o f Dvac twice this reported value is not surprising, and should 
be a source o f considerable concern at this stage.
IV.B. Kinetics of Impurity Free Vacancy Disordering
IFVD utilises Ga out-diffusion into dielectric caps at elevated temperatures to 
introduce group III point defects.2' Since its discovery,28 it has been widely used to fabricate 
OEICs and PICs.12,10 It can be readily understood from the mechanism that the defect type 
introduced is the Schottky defect, specifically Vm. The concentration o f Ga atoms out- 
diffused in dielectric caps has previously been measured using various techniques, and was
• • 19 3 29 30 31 32 , - .ireported to have a saturation concentration o f  the order o f 1-7 x 10 cm' . ’ " The out-
diffusion o f a single Ga atom into the cap will result in the formation o f one V!n. An identical 
flux o f vacancies will consequently be generated with the same rate at the semiconductor
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Fig. 3.9 Plot for the PL shift versus the corresponding diffusion length for a double quantum 
well. The inset shows the QW composition.
surface due to this flux o f Ga out-diffusion. Therefore, to quantify the vacancies in the 
semiconductor one has to determine the flux o f the Ga diffusing into the dielectric cap. The 
boundary conditions associated with the Ga out-diffusion assume that diffusion is governed 
by equation (3.12) and that Ga diffuses into the cap approaching its solubility limit as time 
goes to infinity," with an initial Ga concentration equal to zero in the cap. The boundary 
conditions can be expressed as:
@ t = 0 ->  CGa = 0
@ / => oo - »  CGa =  Csol (3.16)
@ z  =  d  ->  — CGa =  0 
a x
The solubility limit o f the caps is termed C.vo/, while d  is the thickness o f the cap, and is 
typically o f the order o f 200 nm. Different, and more complicated, boundary conditions 
would be necessary to describe the diffusion o f Ga in the silica cap while taking into account 
some o f the possibilities such as Ga pile up at the surface o f the cap and at the GaAs/cap 
interface beyond saturation. However, the above boundary conditions can be solved giving a 
profile expressed as,
c a,(z >t) =  £ * „ sin[i„z]{l - e x p [ - (3. 17)
rt = I
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Fig. 3.10 Plot for measured and calculated PL shifts resulting from the IFVD process
in a double quantum well for different values of Dvac.
k  \Cw/ .sinf/lz] 
(Jsin[/Lz].sin[/lz]\
A =
n n
~d
(3.18)
(3.19)
where D(ia is the Ga diffusion coefficient in Si02, reported to be 5.2 x KT1 exp[-l . l l /k BT] 
cmV1, and equal to 2.7 x 10'" c m Y 1 at 950 °C. The resulting Ga profiles for various anneal 
times are plotted in Fig. 3.8. As can be seen in the Figure, saturation o f Ga in the cap takes 
places after about 10 s o f annealing, which matches very well the reported m easurem ents/3 
Due to this Ga flux, there exists a similar flux o f vacancy in-diffusion into the semiconductor. 
Therefore at the GaAs/SiCL interface the following boundary condition should be satisfied.
(3.20)
where, Dvac and Nv(x,t) are the vacancy diffusion coefficient and concentration in the 
semiconductor respectively. Using the Laplace transform to solve the diffusion equation
(3.11), with the boundary conditions in (3.20) and initial vacancy concentration equal to zero, 
the vacancy concentration can be expressed as a convolution o f two functions,26 such that,
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0
(3.21)
The vacancy profile was obtained using the reported D vac, which, at 950 °C, is
the Ga concentration in the cap saturates, which also explains the commonly observed
amount o f QWI obtained. Upon evaluating N v(dQW,t ) ,  N ic  and the associated PL shifts can be 
calculated in a similar manner to the PIDLI process. In Fig. 3.9 the PL shift vs. the diffusion 
length obtained from the calculation is plotted. For the parameters stated above, the predicted 
amount of intermixing is negligible for annealing times less than 60 s, as can be seen in Fig. 
3.10. However, if D vac is increased, the predicted intermixing is in better agreement with the 
measured values. For a value of Dvac three times the reported value, 1.13 x 1011 cm2 s'1 at 875 
°C, the measured PL shifts are in close agreement with those predicted from the model. The 
vacancy diffusion coefficient, D vac, used in these calculations is the one used for the PIDLI 
calculations. Therefore a factor o f 2-3 discrepancy between the expected from the model here 
and the reported should raise concerns at these early stages o f modelling the process kinetics.
GaAs/AlGaAs quantum confined heterostructures starting from first principles. The model 
hypothesis has been validated by successfully predicting the amounts of quantum well 
intermixing induced by the processes o f hydrogen plasma induced defect layer intermixing 
and impurity free vacancy disordering, two different techniques for quantum well intermixing. 
The predictions are in good agreement with the measurements for both processes o f the 
vacancy diffusion coefficient is increased by a factor o f 2 to from its reported value. The 
results show a good degree of accuracy considering the uncertainty in the parameters used. It 
is obvious that a more rigorous model would take into account effects such as defect 
recombination, as well as correlation effects in diffusion, and hence predict more accurately 
the effect of Al/Ga mixing at the interface of the well and barrier. The error function profiles
6.1 x 1012 cm2 s'1. The value of wvcan be then be obtained from equation 3.3, and was equal 
to 15 x 103 hop.s'1.3 Also a value o f 1 x 1019 cm'3 was used as the Ga solubility limit in the 
silica caps.31 As can be seen in Fig. 3.8, the vacancy concentration at the surface decreases as
saturation in the dielectric caps used in IFVD,30 and the effect o f the cap thickness on the
V. S ummary
We have developed an atomic-scale model for the kinetics o f intermixing of
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assumed for the diffusion profiles could also be substituted with exact diffusion profiles 
calculated by solving the diffusion equation in its statistical form using parameters, which 
were accurately measured. Moreover, the concept of the defect surface recombination 
velocity should prove useful in characterising various technological factors such as the state 
of the surface of the semiconductor.
Although not comprehensive, the model is currently limited by the parameters used 
within it. Further sophistication in the model meant the need for knowing the values for more 
parameters, or instead, fitting the results obtained to more unknown variables. Instead, it was 
found more appropriate to carry out the necessary characterisation needed to identify the 
mechanisms and parameters necessary for more accurate representation of the process.
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TECHNOLOGY OF 
DIELECTRIC-CAP- 
ANNEALING INDUCED 
INTERMIXING
In GaAs/AlGaAs structures, IFVD utilises Ga out-dififusion into dielectric caps at 
elevated temperatures to introduce group III point defects.1 Since its discovery,2 it has been 
widely used to fabricate OEICs and PICs.3,4,5 The principal IFVD techniques utilise dielectric 
caps such as SiaN4 and S i02 to control the activation energies o f As and Ga out-diffusion in 
GaAs/AlGaAs epitaxial layers at elevated temperatures. Because o f the varying dififusivity of 
particular matrix atoms in different dielectric caps, selective intermixing can also be 
achieved. For a given semiconductor structure, this can be done by choosing dielectric cap 
ensemble which enhances/impedes the out-dififusion of the species necessary for intermixing. 
However there are other IFVD techniques that do not use dielectric cap annealing induced 
intermixing. Although quantum well intermixing is an alternative to low yield expensive 
processes such as overgrowth, it is still chiefly used within the research laboratories with very 
limited industrial interest. This is principally due to the lack o f reliable and reproducible 
processes for it, a goal that needs non-trivial characterisation and control over the properties 
of the dielectric caps used.
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I. Ifvd B ackground
When dielectric caps were first investigated in GaAs based IC technologies, they 
were ranked according to how well they prevented impurities from diffusing through them. At 
the time, dielectric caps were used as masks for impurity diffusion, and annealing caps for 
maintaining the lattice integrity. A few decades later, quantum well intermixing became a 
promising technique for realising optoelectronic and photonic integrated circuits, PICs and 
OEICs respectively. Matrix element diffusion into dielectric caps as a means for introducing 
lattice defects then became a method for achieving quantum well intermixing due to its 
simplicity, and the resultant low optical losses. The development o f IFVD processes can be 
ascribed to a correlation between the partial understanding of disordering mechanisms at the 
time, and GaAs LSI process technologies.
* The contribution from LSI technology covered the behaviour o f GaAs/AlGaAs 
heterostructures at elevated temperatures, namely the interdiffusion of A1 and Ga across 
the interfaces.6
• Understanding of disordering mechanisms contributed the knowledge about group III 
interdiffusion in GaAs/AlGaAs heterostructures and the fact that inter-diffusion takes 
place through diffusion of native point defects in the semiconductor lattice.
Characterisation and control of the properties o f dielectric films involved in IFVD are vital to 
achieve a reliable and reproducible process. The properties o f the films as well as the 
condition o f the dielectric/semiconductor interface are thought to be the main factors that 
control the amount o f Ga out-diffusion, as will be seen later in the chapter.
In this chapter the usefulness o f various dielectric caps for IFVD will be investigated. 
The caps will be ranked according to their properties and the bandgap shifts they produce 
after annealing at elevated temperatures. A discussion will then be presented, about the 
optimum cap ensemble to be used for IFVD. Finally an optimised process is then developed 
and its performance characterised.
II. Investigation O f D ielectric C aps F or Ifvd
To draw a conclusion about the important factors for achieving a reproducible and 
selective IFVD process, it is vital to deposit a set o f dielectric caps with known properties, so 
we can correlate such properties with the caps' performance in QWI.7 This section will 
investigate the performance of various dielectric films as annealing caps for IFVD. From the 
results obtained and other work reported on the subject, some conclusions are drawn about 
the optimum means for IFVD technology.
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Fig. 4.1 Plot for the bandgap shifts as a 
function of anneal temperature for samples 
capped with SrF2 and S i02 and annealed for 30 
s with 15 s rise time.
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Fig. 4.2 Plot for the bandgap shifts as a 
function of anneal time for samples capped 
with SrF2 and S i02 and annealed at 925 °C 
with 15 s rise time.
II.A. Silica;Si02
Because o f the early importance o f S i0 2 caps in semiconductor technologies,8 this 
was the first to be investigated for IFVD.2 Shortly after, the technique was widely used in this 
technology,910,11,12 and parameters such as the interdiffusion coefficient o f Ga and A1 in QWs 
annealed with S i0 2 c a p s ,13 the saturation concentration o f Ga in the caps,12 and the change of 
the amount o f intermixing with depth were all studied.11 Other studies included X-ray 
photoelectron spectroscopy, XPS, o f the S i0 2/GaAs interface,14 deep level transport 
spectroscopy, DLTS, and Rutherford Back Scattering, RBS, o f GaAs annealed with S i0 2 
caps.15 ,6 The effects o f the cap thickness, anneal temperature, and anneal duration, on the 
amount o f intermixing were also reported.10 Attempts to summarise the performance 
parameters resulting from using S i0 2 in IFVD show great variance. Values like interdiffusion 
activation energies and bandgap shifts usually depend on the type, mechanical treatment 
history, doping, and thermal stability o f the structures and S i0 2 caps used. Therefore it will 
be necessary to explain the circumstances o f every result along with the numbers produced 
from it. The results reported using S i0 2 caps, however, are much more consistent than those 
achieved by any other cap. Because o f the consistency o f its performance S i0 2 is an ideal 
candidate to be part o f an optimised selective IFVD process.
II.B. Silicon Nitride; Si3N4
Si3N 4, as discussed in chapter 2, was one o f the popular dielectric caps developed for 
semiconductor integrated circuit technologies, to prevent Ga diffusion when deposited in 
certain w ays.1 Even now it still plays a pivotal role in semiconductor devices, and not in 
IFVD .18 Although Si3N4 has been studied as a viable dielectric cap for inhibiting intermixing
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in IFVD, the lack o f consistency in its performance has limited its usefulness.- ’ - 
However laser devices have been fabricated using the S i0 2/Si3N 4 cap ensemble.19 Difficulties 
have often been experienced in producing nitrides in a pure state, despite studies devoted to 
depositing the films with a reproducible composition.24 2" The unintentional presence o f 0 2 
during the deposition o f Si3N4 assists the formation o f silicon oxynitrides SixNyO instead.26 
Si3N 4 films were therefore not chosen as a potential dielectric film for IFVD process, despite 
the degrees o f freedom (such as internal stress) they potentially offer in controlling the film 
properties, because o f the difficulties encountered in depositing optimised films reproducibly.
II.C. Strontium Fluoride; SrF2
Thin films o f SrF2 have been used in a number o f applications within the III-V
9 7  9 8  IQ  90  • •semiconductor technology.- - - It has been used to form metal-insulator-semiconductor
97 9 8  9 0  •structures on InP ’ and GaAs,- where it was found to form good quality interfaces with a 
low density o f interface states.40 SrF2 was also used as a mask during dry etching because of 
the low etch rate it exhibits at high plasma biases.’1 SrF2 was consequently explored as a 
mask for IFVD due to such properties, where it exhibited minimal intermixing and hence 
minimal bandgap shifts. ’2 An example o f the cap performance is shown in Figs 4.1 and 4.2. 
The S i0 2/SrF2 capping system has produced up to a 240 meV differential shift.44 The 
activation energy for the Ga/Al interdiffusion coefficient in regions underneath SrF2 caps was 
found to be 6.4 eV,44 which is larger than the activation energy observed for diffusion due to 
thermal-induced interdiffusion in GaAs/AlGaAs structures.’5 Optoelectronic devices were 
realised successfully using such a capping system. External cavity lasers with low optical 
losses,46 broad area lasers with improved far field performance,47 lasers with band-gap 
widened saturable absorbers,48 and lasers with integrated waveguide modulators have all been
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demonstrated using this technique.30 Also SrF2 was used to develop a technology by which the 
extent o f intermixing can be spatially controlled in a continuos fashion. This is achieved by 
changing the area covered with SrF2 as compared to that covered with S i0 2 in a given region 
o f the semiconductor.33,40,41 Successful multi-wavelength integrated laser diodes and detectors 
were fabricated using this technique.40,41
Within the course o f using SrF2 as an inhibiting cap, it was found to exhibit several 
unfavourable properties despite its superior performance in inhibiting QW1. Excess damage 
in the GaAs, in the form o f cracks, at the S i0 2/SrF2 interfaces was reported upon annealing in 
GaAs.42,43 Defects, in the form o f pits, were also observed underneath the SrF2 caps. Such 
shortcomings were ascribed to the mismatch in the linear thermal expansion coefficient 
between GaAs, S i0 2 and SrF2.44,41 In addition to the damage introduced in the GaAs, 
difficulties in etching the SrF?cap were encountered for annealing temperatures over 900 °C. 
The difficulties in removing the SrF2 are also accompanied by non-uniformity in the degree of 
intermixing under the S i0 2 and SrF2.42 The useful annealing temperatures for IFVD are 
between 915 °C and 950 °C, which makes SrF2 unsuitable for successful device fabrication. 
Recently Rutherford Back Scattering (RBS) studies were carried out on GaAs/AlGaAs 
structures annealed with SiO? and SrF? caps. The measurements showed an interface 
broadening o f -1 6  nm at the GaAs/SrF2 interface for annealing temperatures above 900 °C.43 
This broadening can certainly explain the damage observed on the surfaces, the difficulty in 
removing the SrF2, and it can also account for the inefficient electrical pumping o f devices 
annealed with SrF2.
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T a b le  4 .1  Parameters of the set of experiments carried out to investigate the
effects of oxide growth on the QW1 using IFVD.
II.D. Phosphorous doped Silica; S i02:P
In 1995 E.V.K. Rao et til,46 announced SiOv.P was a universal QWI cap for 1II-V 
semiconductors, and suggested that it would replace plain S i0 2. Phosphorus doped S i0 2 films 
play a critical role in the reliability o f VLSI technologies.1 The phosphorous helps neutralise 
the effect o f  mobile ion species and improve the glass flow, resulting in better gap filling and 
improved planarisation.48,49 In this section, work carried out in the department is described, 
which demonstrates that SiOy.P caps inhibit intermixing in almost all o f the structures used, 
irrespective o f the doping order o f the structure (undoped, p-i-n, or n-i-p).
Two GaAs/AlGaAs DQW laser wafers having similar configurations, but with 
opposite doping orders, p-i-n and n-i-p, as shown in Appendix A, were used in this 
experiment. Dielectric films o f S i0 2 and S i0 2:P, both having thicknesses o f 200 nm, were 
deposited on the surface at a temperature o f 330 °C using a conventional PECVD apparatus 
equipped with a separate PH2 flow line for P doping. The P content was measured by energy 
dispersive x-ray (EDX) spectroscopy on a 200 nm thick layer o f S i0 2: P deposited, using the 
same PECVD system and in the same experimental conditions, on a Si wafer. EDX 
measurements showed a P content o f 5% by weight in the caps, with a 1:2 atomic ratio 
between Si and 0 2. Samples were annealed for 60 s in flowing N 2 at temperatures between 
800 °C and 950 °C. Uncapped samples were annealed at the same time to study the thermal 
stability o f the wafer under the conditions described above. Figs 4.3 and 4.4 show the shift in 
the PL from that o f as-grown material as a function o f the annealing temperature. After
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annealing, differential band gap shifts > 40 nm can be easily obtained in samples partially 
masked with Si02iP and capped with SiC>2 , with excellent surface morphology, including the 
edge interface between SiC^rP and Si02. The wavelength shifts in the PL peak o f the p-i-n are 
smaller than those o f the n-i-p structures because intermixing n type material is carried out 
chiefly through Vm, which is the main defect generated during IFVD, and in p type material 
through 7///.50 Even so, it can be seen that Si02:P acts as a very effective mask for preventing 
Ga out-diffusion, limiting the band gap shift to no more than 5 nm, for both n-i-p and p-i-n 
structures at temperatures up to 950 °C. Moreover, no surface damage was produced by this 
dielectric cap under the annealing conditions studied here. In contrast, the blue shifts for both 
p-i-n and n-i-p samples capped with SiC>2 increase with temperature and are always greater 
than those for uncapped samples, demonstrating the enhanced out-diffusion of Ga into pure 
SiC>2 caps as compared with uncapped samples. The negligible damage associated with this 
process allowed very efficient mode-locked laser diodes to be realised using this capping 
system.51
Possible explanations for the masking properties o f SiC>2 :P films, are related to the 
densification of the glass matrix caused by the P. Films of SiC>2 :P with a weight ratio P20 5 / 
SiC>2 of 4% have been used as caps for open-tube thermal activation of Si implants in GaAs, 
and it has been found that the diffusion coefficient o f implanted Si in semi-insulating GaAs is 
about one order o f magnitude smaller for Si02iP than for SiC>2 .52 Another possibility might be 
due to the reduction in internal film stress caused by P. Strain is thought to play a role in 
promoting Ga out-diffusion at elevated temperatures. The thermal expansion coefficient of 
GaAs is about ten times larger than that of S i02 and, as a consequence, the SiC>2 film is under 
tensile strain and the GaAs surface layer is under compressive strain. Under this condition, 
because o f the high diffusion coefficient o f Ga in SiC>2 , the out-diffusion of Ga atoms into the 
SiC>2 film is an energetically favourable process because it minimises strain in the system. 
The addition of P into the S i02 film leads to an increase in the thermal expansion coefficient47 
and a decrease in the glass softening temperature.53 Therefore, less compressive strain will be 
induced in the GaAs surface layer during the annealing step and, as a result, the number of 
Ga vacancies will be reduced due to less Ga out-diffusion. In chapter 6 SIMS measurements 
will confirm directly that P does not diffuse into the semiconductor and also shows that P 
inhibits the Ga out-diffusion. Also in chapter 5, spatially resolved PL and Raman 
measurements will discuss the studies carried out to investigate the resolution o f the IFVD 
using the SiCVSiC^P capping system.
It should also be noted that the addition o f small amounts of P (1 wt%) does not 
drastically change the properties o f SiCbiP as compared with SiC>2 and hence both caps are
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expected to have similar effect on intermixing.47 This shows that the results presented here54,55 
do not conflict with those reported by Rao et al..46
II.E. Fluorine doped Silica; S i02:F
SiC^iF films have been studied extensively for use in ultra high scale integrated 
circuit technology as low dielectric constant insulating layers to reduce the capacitance 
between adjacent interconnections.56,57,58 In addition to the reduced interface stress, SiC^iF 
films offer reduced thermal stresses because they can be deposited at lower temperatures. 
Improved mechanical properties o f layers with sub micron lateral dimensions can therefore be 
achieved. In addition, fluorine was found to dramatically reduce the trapped charge density at 
the Si/SiC>2 interface, the dielectric break-down voltage, and reduce the water absorption of 
the films.59,60 Such features make the film a strong candidate for improved operational 
characteristics o f sub-micron M.O.S. field effect transistors with a SiC^iF gate oxide.61,62 
Also the incorporation o f fluorine induces a change in the index of refraction of the doped 
silica films which can be used for guided wave optoelectronic applications.63 The features 
mentioned above drove a great deal o f research characterising fluorine incorporation in S i02 
films.64,65 Therefore we studied the performance of Si02:F in QWI of GaAs/AlGaAs 
heterostructures. If the films have the same effects of reducing the interface stress, and trap 
charge density for GaAs as they do for Si, it would be of great interest to investigate the role 
these parameters have on QWI.
Samples o f a DQW p-i-n doped heterostructure, as shown in Appendix A, were used 
in this experiment. PECVD silica films with fluorine contents o f 0, 20, 40, 100, and 200 ppm 
of were deposited. Samples were then annealed 1 month after deposition at temperatures 
between 875 °C and 950 °C for 60 s with 15 s rise time. The shifts in the bandgap as a 
function of temperature are plotted in Fig. 4.5. Samples capped with SiC>2 containing various 
amounts o f fluorine doping exhibit intermixing which increases with the increase of the 
annealing temperature, and their behaviour is very similar to that o f the control sample with 
no Fluorine. When plotting the amount of bandgap shift as a function of the fluorine content 
for different annealing temperatures, as can be seen in Fig. 4.6, the behaviour o f the samples 
can be divided in two groups. Samples annealed at temperatures < 900 °C exhibit bandgap 
shifts that increase with the fluorine content. Samples annealed above 900 °C show the 
opposite trend. From this simple experiment, it was found that the behaviour o f samples does 
not differ significantly as the fluorine concentration is varied from 0 to 200 ppm. SIMS 
studies showed no evidence o f fluorine diffusion into the semiconductor, as will be presented 
in chapter 6. Although no conclusions of the effect that fluorine may have on the GaAs 
surface can be drawn from these experiments, the performance o f such caps, when annealed
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at high temperatures, was not promising for selective QWI applications. Therefore no further 
studies were conducted.
II.F. Surface effects
The surface of the semiconductor plays a paramount role in controlling Ga out- 
diffusion. Some recent techniques have therefore successfully made use o f the surface 
condition as a means of controlling QWI. Native oxide growth using hydrogen plasma 
treatment has been reported to inhibit QWI.66 A modulation of 17% in the x(2) coefficient was 
achieved in asymmetric GaAs/AlGaAs quantum wells using this intermixing technique. 67  
Also, anodic oxidation was reported to produce layers of native oxide on GaAs/AlGaAs 
structures, which enhance QWI.68 More recently, considerable differential shifts were 
achieved, with almost no intermixing underneath the control caps, by growing a thermal oxide 
on the GaAs surface before annealing, which promotes intermixing, and using A1 to reduce 
this oxide, which suppresses intermixing. 69 These approaches, although successful, might 
affect the quality o f the surface after processing, jeopardising the electrical contact quality of 
the surfaces. Moreover no conclusive evidence was presented to explain the enhanced QWI.70 
No devices have been demonstrated using such techniques and no thorough spectroscopic 
investigation of the nature o f the oxide has been carried out either.
Surface treatment is not a suitable technique for fabricating PICs and OEICs because 
of its effect on the surfaces. Nevertheless it will still affect any other IFVD technique used. 
Therefore, an experiment was designed to reveal some of effects o f the standard surface 
treatments used in semiconductor processing on IFVD. The material used in this experiment 
was the standard DQW laser structure shown in Appendix A. Pieces with sizes o f 2x2 mm2 
were soaked in either H20 , CH4O, or a 1:1 mixture of both for 60 min. with and without a 
pre-clean using HC1. Immediately after the surface treatments, the samples were covered with 
200 nm of E-gun deposited S i02, and annealed at 925 °C for 60 s, with rise and fall times of 
15 s.
•  The effects of soaking in H20  and CH4O have been previously reported to enhance the 
growth of As rich, and Ga-rich oxides, respectively. 71
•  As can be seen in Table 4.1, the amount o f intermixing using the S i0 2 caps before and 
after these treatments is quite different. In addition the amount o f intermixing in all the 
cases studied is affected by the HC1 treatment.
•  The soaking durations used in these experiments are longer than what is typically used 
for cleaning the samples. However it is the principle o f how sensitive the surface of the
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semiconductor is to prior treatments that should be noted and hence studied and 
controlled.
•  Substantial differences were observed in these experiments; 42% change in the PL shift 
was measured for the sample exposed to 60 min. of CH4O and H20  without previous HC1 
clean. Conversely, instead of enhancing intermixing like the effect it has on the rest o f the 
samples, the HC1 treatment caused intermixing to decrease in this sample.
The status of the GaAs surface was proven to be a prime source o f inconsistency for the 
performance o f any IFVD process, and should be controlled for reproducible consistent 
results. Systematic studies should therefore be conducted on the matter.
III. D iscussion
Before IFVD can have a real future in realising PICs, and OEICs outside of the 
research lab, in an industrial environment, its shortcomings must be minimised. The damage 
associated with annealing dielectric caps such as SrF2 is not acceptable. Also the 
irreproducible film properties, and hence variation in QWI behaviour, encountered with SisN4 
caps is not at all suitable for industrial processes. Time dependent effects reported for S i0 2 :P, 
is a serious drawback, but can be avoided by optimising the film parameters during 
deposition. However, the S i0 2-S i02:P capping system is the most promising process reported 
to date.
Although quite successful, not enough is yet known about dielectric cap annealing 
with prior surface oxidation and treatment. For example its effect on the electrical quality of 
the GaAs surface and possibly the device degradation have not yet been assessed. The 
solubility limit of Ga in the films as well as the films' density, porosity and ability to absorb 
humidity are all parameters that can play significant role in Ga out-diffusion. Thorough 
experimental studies are needed to unfold the mechanisms taking place in IFVD, and hence 
allow a better-informed choice about the dielectric caps to be made. However, because o f the
• 72nature of the problem, rigorous experiments are very time, and resource consummg.
From the performance perspective for integrated devices, the IFVD process should have 
minimal effects on the properties of the as-grown structure apart from changing the band-gap, 
and hence the optical properties depending on it. It is clear from the above discussion that the 
use o f dielectric caps is preferred to surface treatment provided a similar performance can be 
achieved. It is essential that such caps can be etched reproducibly and efficiently. Silica caps, 
are by far the most reproducible and damage free performance, are ideal candidates for 
exploiting in IFVD. In the next section we shall present work carried out using silica for a 
single-cap, selective IFVD process. It should be noted that although attempts were previously
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made to obtain such a selective single cap process, no success has been reported in having 
sufficient control over the dielectric film properties to produce a differential shift adequate for 
device applications . 73
IV. P lasma Treatment O f S i0 2  Films: A Means 
O f Inhibiting Qwi
Increasing the resistance o f dielectric caps to erosion during reactive ion etching 
(R1E) is a topic o f current interest, especially for S i0 2 and S13N4 films . 74 73 One approach is 
film densification, and was demonstrated for S i0 2 films . 74 It is based on annealing silica at 
temperatures above 875 °C, however such high annealing temperatures make the processes 
only suitable for Si wafers and not for the III-V semiconductors because o f their low thermal 
stability. Another technique o f film densification is based on ion bombardment and was 
demonstrated for SfiN4 films . 75 In this technique, Si2N 4 films are exposed to oxygen plasma, 
which was found to increase their resistance to erosion during etching. This technique o f 
exposing the dielectric films to oxygen plasma was also reported to cause an increase in the 
refractive index o f the films, reaching a maximum o f 3.7% after 30 min o f treatment for a 
140 nm Si2N 4 film. The operating conditions for the oxygen plasma used in the treatment 
were: an RF power o f 50 W, an 0 2 flow rate o f 25 seem, and a gas pressure o f 100 mTorr, 
resulting in a DC self-bias o f 1 10 V. Since the process is thought to have an effect on S i0 2
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caps, a set o f experiments were conducted to investigate the effect o f exposing the S i0 2 caps 
used in IFVD to the same treatment that increases the resistance o f the masks to erosion.
The experiments presented in this section were to investigate whether plasma 
exposure has any effect on the silica caps used for IFVD. This stems from the belief that if 
the diffusivity and/or solubility limit o f the Ga in a film can be controlled, then the amount o f 
intermixing under such caps can also be controlled (see discussion in section III). Two 
MOVPE grown wafers were used in this experiment, see MQW waveguide structure, and 
DQW laser structures in Appendix A. Samples from both wafers were capped with 200 nm 
o f electron beam evaporated S i0 2 and exposed to the oxygen plasma for 30 minutes, using 
the parameters reported by Flicks et al.15 They were then annealed along with control 
unexposed samples at different temperatures. The amount o f the PL shift versus the annealing 
temperature is plotted in Figs 4.7 and 4.8. The unexposed samples show amounts o f 
intermixing 3 times larger than for the exposed samples. Differential bandgap shifts in excess 
o f 110 meV were achieved between the exposed and un-exposed samples when annealed at 
925 °C for both doped DQW and un-doped MQW sample. It was also important to 
investigate whether the effect works for different types o f silica or not. Another experiment is 
thus necessary to investigate the effect on the plasma exposure on different caps.
Samples from the DQW structure were therefore capped with 200 nm o f electron beam 
evaporated S i0 2 and sputtered S i0 2. They were then exposed to the oxygen plasma for 
different time spans, with the same set o f parameters used in the first experiment. 0  Samples 
were then annealed using parameters identical to those used in the first experiments. The
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amount o f the PL shift versus the exposure time is plotted in Fig 4.9 and 4.10. It is clear that, 
as the exposure time increases, the amount o f intermixing also decreases, reaching almost 
zero for sputtered silica, after 60 min. exposure time. It is interesting to note that, in the case 
o f the electron beam evaporated SiCL, the intermixing starts to rise again after a certain 
amount o f exposure time. This effect is interesting and cannot be explained readily if one 
considers that the oxygen plasma causes film densification.
Results from samples covered with 200 nm PECVD SiCLiF are shown in Fig. 4.11. 
The figure shows the PL shifts as a function o f the fluorine concentration for samples 
exposed and unexposed to oxygen plasma. As before, the samples exposed to the oxygen 
plasma show amounts o f intermixing less than the unexposed ones, irrespective o f the fluorine 
concentration in the cap. In addition, samples with 200 nm o f sputtered silica were deposited, 
and the amount o f  intermixing was monitored as a function o f time o f exposure to the plasma. 
Samples were annealed for 60 s at 925 °C and, again, the amount o f intermixing decreases as 
a function o f intermixing as can be seen in Fig. 4.13.
Although the samples exposed to oxygen plasma intermix considerably less than the 
un-exposed ones, they do show PL shifts as high as 20 nm. This is an unfavourable feature 
when looking for a cap which inhibits intermixing completely. Also there are interesting 
effects that cannot be readily explained such as the U shaped behaviour o f the PL shifts 
observed for electron beam evaporated SiCL when exposed for different time spans, as shown
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in Fig. 4.10. The effects observed so 
far in reducing QWI encouraged 
further optimisation o f the plasma 
parameters for suppressing 
intermixing, as will be shown below.
Also in section IV.C, we shall suggest 
possible explanations for such 
behaviour
IV.A. Single cap IFVD
The optimum performance was 
obtained after exposing the samples for 
70 minutes to oxygen plasma with the 
following parameters: film thickness o f 
350 nm, with a 5 seem CE flow rate, a pressure o f 10 mTorr and a power o f 275 W. This set 
o f conditions results in a self DC bias o f 800 V. As shown in Appendix 2, a longer exposure 
time is expected to result in even less intermixing. However, due to the high RF power needed 
for the process, the RIE machine could not be operated for longer, and so the process 
performance was limited by the practical operating conditions o f  the RIE machine.
A set o f  samples capped with 350 nm o f electron beam evaporated SiCE was then 
processed using the same parameters. Another set o f samples without SiCE caps were 
exposed to the plasma, and had an identical 350 nm o f electron beam evaporated SiCE 
deposited after plasma exposure. A third set o f samples was used as a reference, also coated 
with 350 nm o f  electron beam evaporated SiCE. The PL shift versus the annealing 
temperature for the three sets o f samples is plotted in Fig 4.13. The samples with un-exposed 
SiCE films exhibit intermixing within the expected range for the thickness o f the cap, and the 
annealing temperatures used . 76 However, the samples exposed to the plasma exhibit minimal 
intermixing, 10 meV, for temperatures below 945 °C, above which intermixing extends to a 
few tens o f meVs. The samples exposed to the oxygen plasma prior to the deposition o f silica 
caps show intermixing behaviour very similar to that o f the unexposed silica caps. I his 
suggests that the plasma exposure does not affect the GaAs surface, and the observed effects 
are due to changes in the cap properties. As can be seen in Table 1, the refractive index o f the 
silica films, at 633 nm, changed from 1.532 before to 1.474 after the exposure to plasma. The 
thickness o f the film decreased by 10% after the exposure. This can be explained by the high 
bias, «  800 V o f the plasma, which results in sputtering o f the film by ion bombardment. 
Also, the etch rate o f the exposed films is 5% less than that o f the unexposed film.
80
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T a b le  4 .2  Properties of the Silica caps before and after exposure to 70 minutes
of oxygen plasma with a flow rate of 5 seem, at a pressure of 10 mTorr, and a power of
275 VV.
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The refractive index o f the as-deposited films, being greater than that o f the thermal 
oxide, indicates a Si rich film agreeing with previous reports for the same type o f deposition 
o f SiCE. The observed reduction in the refractive index after plasma exposure can be 
explained in one o f two ways. The first proposes that oxygen is incorporated in the films 
during plasma exposure, so reducing the refractive index o f the layer but this could only 
happen within the ion penetration range. This would mean that the refractive index we 
measured after exposure is an average o f two layers, one identical to that o f the original film, 
and the other oxygen rich. However, the ion energy is sufficient to allow penetration no 
further than >5 nm in such an amorphous material, and so the observed reduction in 
refractive index is larger than would be expected from such a hypothesis. Recent experiments 
showed that E-gun deposited SiC>2 can have a pore fill factor o f 0.23. Also a 4.1% increase in 
the refractive index o f the as-grown at 633 nm films after their exposure to air was observed. 
According to the effective medium approximation, this increase in the refractive index was 
ascribed to the incorporation o f H2O in the film pores . 78 Another explanation proposes that, 
during the oxygen treatment, the H20  in the film pores will be desorbed and the pores, now 
free from H2O, may be sealed by the ion exposure. This makes the effective refractive index 
o f the pores 1 (the refractive index o f air), instead o f 1.33 (the refractive index o f H20 ) . The 
measured reduction in the refractive index for our process, 3.9 %, therefore agrees well with 
what has been previously reported due to the incorporation o f H20 .  8 Clearly this hypothesis 
o f sealed pores needs verification by electron microscopy and this will be attempted. 
However, this assumption would indicate that H20  and air in the film pores respectively play 
a key role in assisting and preventing Ga out-diffusion, and hence QW I , . 79
V. S ummary
Work characterising the performance o f various dielectric caps used for IFVD has 
been presented in this chapter:
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• SrF2 caps have a good performance, but induce excessive damage in the semiconductor 
and are not etched away easily.
• Si3N 2 caps were not investigated because o f the difficulty in obtaining reproducible film 
quality.
• S i02:F caps showed no interesting performance for selective intermixing. We have shown 
that, by adding 5 % in wt. P to S i0 2 caps, these caps inhibit quantum well intermixing.
• Problems with S i02:P caps include the hygroscopic nature of the films, and hence their 
time dependent performance in inhibiting intermixing.
• The effect o f exposing the surface o f the GaAs to a HC1 clean, H20 , and CH4 O 
treatments has been investigated. It was found that changes in the observed PL shift o f up 
to 42 % in the amount o f intermixing could be obtained by exposing the GaAs to a 1:1 
mixture of H20  and methanol for 60 min.
• In section I it was concluded that the best caps are those with the least amount o f damage 
associated, and with the most reproducible performance. Optimum performance, from the 
perspective o f reproducibility and low damage, would be therefore obtained by using 
single S i0 2 caps for selective IFVD without altering the GaAs surface.
We have demonstrated control o f the extent of QWI in various GaAs/AlGaAs 
heterostructures by exposing the S i0 2 films used in the process o f impurity free vacancy 
disordering to an oxygen plasma in a reactive ion etching machine. Control was observed for 
doped and undoped GaAs/AlGaAs samples. Control was also obtained for different types of  
S i02. According to our understanding of the process, inhibition of intermixing can be 
ascribed to the plasma exposure reducing the diffusivity of Ga in the cap. It seems that the 
reduced diffusivity of Ga in plasma exposed films is due to change in the properties o f and 
the amount of pores in the S i0 2 film. Further investigations of the effect of plasma on the 
films are in progress. Such studies should unfold some of the mechanisms involved in IFVD. 
Selective exposure to oxygen plasma has been used to realise a selective IFVD process using 
a single silica capping layer, with bandgap shifts in excess o f 100 meV achieved with <10 
meV shift in the un-intermixed regions. The process has the potential to offer a single step, 
low damage, spatially controllable IFVD process.
Within the course of optimising the process parameters, we have utilised 
experimental design tools to gain insight about the process response. This helped us to predict 
the effects of the changes in parameters outside the ranges used for the parameter without 
resorting to more experiments. The RIE machine operating limitations, however, dictated the 
final parameters used. The experimental design tools were proven to be valuable for use in 
developing multivariable technological processes.
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CHARACTERISATION 
USING OPTICAL 
TECHNIQUES
Along with the interest in exploiting the various processes of intermixing came the 
need to characterise the amount of compositional intermixing associated with each process. 
When a QWI process is considered for realising PICs and OEICs, there is a set of 
parameters, which must be characterised. These parameters include features, figures o f 
merit, limitations and drawbacks o f any given process. Optical, electrical, and other 
diagnostic means have been utilised in these studies. Characterisation tools, however, are 
lagging in comparison to technology, this might be due, partially, to the lack of 
comprehensive mathematical models of the processes involved, and partially to the 
complexity of the parameters that need to be characterised. There is therefore a need for a 
powerful, comprehensive, yet simple and versatile, set of measurement techniques to 
characterise QWI processes.
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I. O ptical S pectroscopy
To investigate QWI, the bandgap energies and the change o f composition in the 
structures need to be probed. Optical characterisation of semiconductors means monitoring 
the interaction between semiconductors and optical fields. Optical fields are defined here to 
include a region of the electromagnetic spectrum from the ultraviolet all the way through to 
the deep infrared, this regime being sufficiently wide to probe almost every property o f 
bulk, and structured semiconductors. There are many motivations for using optical 
measurements to characterise semiconductors.1 They stand out because they are non­
destructive, and need little sample preparation, as opposed to TEM for example. Optical 
measurements are thought to be more versatile than electrical measurements because they 
do not need electrical contacts to be made to the samples. They have the ability o f producing 
two and three-dimensional maps of semiconductor parameters, by simply scanning a laser 
beam across the sample, with an appropriate data acquisition and control system. Aspects 
such as depth o f focus, spot size and absorption length play an significant role in setting the 
limits of optical measurements. Depth of focus is the distance along the direction of  
propagation of the optical field where the beams are sufficiently focused to give a output 
signal with a detectable signal to noise ratio. It is related to the numerical aperture, NA, and 
the wavelength, X, by the relation,2
a z = ± v A ^  (5-»
2 (NA)
The spot size is of an optical beam is important since it sets the lower boundary of the 
spatial resolution of measurement set-up. It relates the wavelength, X, the focal length of the 
lens, F, and the its diameter, D, through the relation,1
*  = 1 .2 2 ™  (5'2)
D
Also equally important, is the absorption length o f the light field. For a field intensity in the 
form of,
(5.3)
/  = /„exp[-az]
where a  is the absorption coefficient o f the field. The distance 1/a is where the field 
intensity is reduced to 1/e o f its peak value.
Although the first report of IFVD demonstrated intermixing by observing the lasing 
wavelength of lasers fabricated out o f the intermixed material,3 measurements o f the 
position of the PL peak are the most widely used means of measuring intermixing for all 
compound semiconductors.4 These can provide information about the amount o f QWI with
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depth by placing QWs at different depths in the structure.5,6,7 In addition, appropriate PL 
techniques can convey information about the spatial distribution of compositional 
intermixing,8,9,10 and the photogenerated carrier lifetime.10,11 The bandgap shifts can be 
measured using absorption and photocurrent, but PL is simpler to implement and 
interpret.12,13 Raman backscattering has also been used to investigate structural properties o f  
the disordered lattice of various material systems.14,15 In principle such measurements can be 
quite informative, however practical probing o f the QWs within the lattice and the 
interpretation of the results is an involved task.1 The bound energy levels in a QW have been 
measured using photoluminescence excitation, PLE, and Photoreflectance, PR. Profiles o f  
inter-diffused and as-grown QWs can be obtained when using the bound energy levels 
measured using PLE or PR in conjunction with a Schrodinger equation solver. The 
Schrodinger solver can fit the energies measured for the bound states to an appropriate 
potential profile.16,17
In this chapter we shall present a number of optical measurements carried out to 
characterise various aspects o f the process o f QWI using IFVD. Time resolved PL is used to 
investigate the effect o f intermixing on the photogenerated carrier life times in intermixed 
lattice. A PL micro-probe is used to carry out spatially resolved measurements, by which the 
variation in the PL energy along gratings with alternating intermixed and inhibited regions 
can be investigated. Also Raman micro-probe analysis is used to carry out spatially resolved 
investigations of the change in Raman signals as a function of intermixing. PLE was finally 
used to investigate QW shapes prior to, and after annealing.
II. P hotoluminescence S pectroscopy
Photoluminescence is the light emitted by a material when optically excited. In 
semiconductors luminescence occurs mainly due to radiative recombination following the 
absorption of an electron hole pair across the bandgap. Other radiative transitions depend on 
the energy levels available in the crystal lattice. In addition to the conduction and valence 
levels, neutral donors and neutral acceptor, for example, can contribute to radiative 
transitions. The energy of excitation for any radiative transition has to be the same or larger 
than the energy levels associated with this transition. When discussing photoluminescence, 
absorption will also have to be involved since both processes are closely coupled. Because 
of the importance of excitons in GaAs/AlGaAs QWs, emphasis will be made on the PL 
resulting from exciton transitions.
An exciton is a bound electron hole pair, which then has a single particle nature. 
This binding energy stems from the Coulomb interactions when electrons and holes are in 
proximity. In bulk semiconductors exciton-dominated-recombination is not observed
  82
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Fig. 5.1 A schematic for the PL set-up used at Glasgow University.
readily. However, due to the proximity posed in a quantum-confined heterostructure, their 
2D binding energy is larger than that in 3D. Therefore it is possible to observe PL signals 
resulting from exciton recombination even at room tem perature in quantum confined 
heterostructures with energies expressed as,
(5.4)
hv = E
where hv is the energy o f the emitted photon, Emp is the bandgap energy o f  the 
semiconductor, and E1 ex is the binding energy o f  the exciton o f the ground level, e l - h h l . If  
the dimensions o f the heterostructure, where the excitons reside, are much less than the 
effective Bohr radius, ah& 10 nm, then the energy o f the bound excitons can be expressed by 
the Rydberg value, Rnj D, such that,
^ n ,2 D  ~  ^3  D \2
n ---- (5.5)
Where R^n is the 3D exciton binding energy, and is equal to 4.2 meV for GaAs , 18 so the e l-  
hhl transition R„2d = ^ j d - 19 These excitonic transitions are observed upon exciting a piece 
o f quantum confined heterostructure with a photon energy larger than that o f the bandgap
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energy. Upon monitoring the energy o f  the PL signal obtained from the semiconductor, 
information can be obtained about the band gap o f the probed material. Moreover, the 
quality and uniformity o f the quantum confined heterostructures investigated will affect 
both, the full width at half maximum (FW HM ) and the intensity o f the PL signal.
The set-up used within this work to carry out the PL measurements is shown in Fig. 5.1. 
Where an Ar modulated laser is shone on the sample, using a fibre 3dB coupler. The 
resulting luminescence is collected in the same fibre and partially directed by the coupler to 
a spectrometer, and a Ge detector operating at 77 K. The signal from the detector is then 
routed to a lock-in amplifier where it is collected using a computer running LabView, a data 
acquisition software. The same software package controls the spectrometer drivers.
As a consequence o f the short, < 1 pm, wavelengths used to excite the PL signal, 
the spatial resolution o f the measurements can be less than 1 pm when using far-field 
optics . 1 Spatially resolved measurements were realised by scanning the surface o f the 
sample across the beam using 
precision X-Y stage. As the laser 
excitation, and hence the PL 
collection, is scanned across the 
sample, images o f the PL can be 
obtained. A drawback inherent in 
the PL technique lies in the fact 
that carriers generated during 
excitation can diffuse before 
band-to-band recombina-tion 
takes place. Such photogenerated 
carriers will diffuse beyond the 
excitation region. Where the 
carriers take place, the resulting 
PL signal will be generated from 
the region with the fastest 
recombination rate. A PL signal 
with photon energy equal to that 
o f  the smallest bandgap in the 
vicinity o f the excitation beam is 
the outcome o f such a sequence 
o f events. The carrier 
recombination in lower bandgap
Objective
Lens
DP
Q W s
F ig . 5 .2  A schematic for the photogenerated carriers in a 
bandgap grating induced by IFVD using S i0 2 :P/ S i0 2 caps. 
The significance of the carrier diffusion depends on both, 
the spot size of the excitation laser beam, and the period of 
the bandgap grating.
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Fig. 5.3 A schematic of the setup used for spatially and temporally resolved PL measurements.
regions is shown schematically in Fig. 5.2. It should be noted that vicinity in this context is 
o f the order o f the diffusion length o f carriers, which is ~  0.68 pm for a 10 nm GaAs QW 
with Alo.3Gao.7As barriers . 20 This poses a limitation on the PL technique when measuring 
different bandgaps in close proximity and ultimately sets a lower limit on the spatial 
resolution o f the measurement.
Another way o f using PL signals to probe further the semiconductor parameters is to 
temporally resolve the PL emission process. Using time histogram o f the PL, the average 
lifetime o f the carriers, inducing the radiation, can be calculated. Several factors, mainly the 
concentration o f the non-radiative recombination centres in the excited material, govern the 
time decay o f the radiative recombination process.
When both temporally and spatially resolved PL measurements are carried out on samples 
with different bandgap features on them, valuable information can be obtained about the 
change of, not only the bandgap, but also the carrier life time in the samples, as will be 
presented below.
II.A. Studying the Extent of Quantum Well Intermixing using a
Photoluminescence Micro-Probe
Temporally and spatially resolved PL measurements were carried out, using a set-up 
shown in Fig. 5.3, to investigate the spatial resolution o f the intermixing process as well as 
the effect o f intermixing on the photogenerated carrier lifetime. The samples used were from 
a nominally un-doped MQW structure, as shown in Appendix A (waveguide MQW 
structures). Samples were prepared with grating fields consisting o f alternating intermixed
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and non-intermixed stripes with 
different dimensions. Gratings with a 
1 :1  mark to space ratio with periods 
varying from 4 pm to 22 pm were 
fabricated. The intermixed and non­
intermixed regions were capped with 
S i0 2 and S i0 2:P respectively . 21 Two 
2 x 2  mm 2 rectangular fields adjacent 
to the grating were also formed, one 
o f which was capped with S i0 2 and 
the other with S i0 2:P to produce 
control areas for PL studies. The 
samples were annealed at 925 °C for 
60 s. In Fig. 5.4 (c) the 77 K PL 
spectra measured from the 
intermixed and non-intermixed areas 
adjacent to the gratings are shown. A 
differential shift o f ~30 nm can be 
seen for the sample, t  emporally and 
spatially resolved PL measurements 
were then performed.
A passively Q-switched 
semiconductor laser producing 
picojoule pulses o f ~ 2 0  ps duration 
at a repetition rate o f 1 MHz . 22 was 
used as the excitation source, and a 
Si single-photon avalanche diode 
(Si-SPAD) was used for detection o f 
the luminescence.2' Besides the 
general advantages found in using 
solid-state devices when compared 
with photomultipliers, Si-SPADs 
have a superior photon detection 
efficiency as well as a faster and 
undistorted time response.24,2" The 
whole instrument is mounted on a
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Fig. 5.4. Scan across a grating sample with a period of 16 
pm for (a) the PL signal at the un-intermixed wavelength 
peak, (b) the photogenerated carrier lifetime and (c) the PL 
signals from the intermixed and un-intermixed parts of the 
sample.
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microscope which launches and 
collects the light as can be seen in 
Fig. 5.3. In addition to producing 
a PL signal, the laser pulses 
trigger the avalanche
photodetector, which starts the 
time-to-amplitude converter. This 
converter is terminated by the PL 
signal detected from the sample.
From the amplitude o f the time- 
to-amplitude converter signal, the 
luminescence decay time can then 
be obtained after taking the 
instrument time response into 
account. 2(1 The time domain 
instrumental response in the 
system is around 80 ps (FWHM).
The small active area used (~ 7 
pm diameter), is a considerable 
advantage in spatially resolved 
applications, giving a high spatial 
resolution with low sensitivity to spurious backscatter. However the detector size will be a 
limiting factor for grating periods o f a comparable size.
The wavelength o f excitation was 677 nm and the laser was focused onto the sample 
to a spot size o f  ~  2 pm. PL was detected in the wavelength band 690±5 nm, which 
corresponds to the peak o f emission o f the non-intermixed material. Data were acquired for 
a fixed amount o f time for each point o f  measurement, which were equally spaced by about 
1.5 pm. Once the PL decay times had been measured, their FWHM, peak o f emission, and 
area (the integrated PL intensity) could be calculated. The experimental PL decays were 
further analysed by deconvolution o f the instrumental response with an exponential 
function, to obtain the sample (1/e) decay tim es . 27 In general, the decays fitted well by 
single exponential functions, with time constants varying between 3 ns, for the non- 
intermixed regions, to approximately 1 ns, for the intermixed regions.
In Fig. 5.4 (a) and (b), the integrated PL intensity and the decay time FWHM as 
functions o f position are shown respectively. The grating is clearly evident in both curves, 
having a period o f approximately 16 pm. The spatial resolution o f the intermixing process
S /O ,  S / 0 , ; P  S /O , Si07:P S /O ,
2000
« 1500
500
5030 4010 200
Position on sample (pm )
F ig. 5 .5 . Scan across a grating sam ple with a period o f  16 
pm for the photogenerated carrier lifetim e. The dielectric 
cap grating used for interm ixing and the resulting bandgap 
grating are also shown.
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Fig. 5.6 A schematic diagram for the Raman microprobe instrument, from Renishaw, used to 
acquire the measurements presented in this work.
can be estimated by taking it to be half o f  the distance between the 10%-90% points in the 
oscillations in Fig. 5.4. Using data from the FWHM results and from exponential Fitting, the 
spatial resolution and standard deviation obtained are 2.2 pm and 0.6 pm respectively. If, 
instead, data from the spatially resolved integrated PL peak are used, the values obtained are 
3 pm and 0.4 pm respectively. The photogenerated carrier lifetime is strongly dependent on 
the concentration o f the non-radiative recombination centres in the lattice. In the samples 
investigated, some non-radiative recombination centres are produced during growth phase, 
and are uniformly distributed within the lattice. The IFVD process also generates point 
defects. These defects will have a concentration related to the position with respect to the 
dielectric caps used, and hence the amount o f  intermixing achieved. In the case o f the 
grating, the defect concentration will also have a spatial variation following that o f the 
dielectric caps, and the bandgap. The effects o f  the laser spot size and the finite detection 
area on the spatial resolution presented above have not been taken into account. By knowing 
the laser spatial profile, it should be possible to de-con volute the finite sizes o f  the laser spot 
and detected area from the measured results, to obtain the true spatial resolution. The scan 
profiles obtained, however, imply that the spatial resolution is equal to or better than that 
observed in this experiment.
By analysing the information obtained here, the following points can be made:
• The detection area o f the microscope is in the order o f 7 pm and the laser spot size was 
2  pm.
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• The minority carrier diffusion length in 10 nm QWs with Alo.3Gao.7As barriers was 
reported to be 0.68 pm at room temperature.20
• It is interesting to note that the FWHM line scan has maxima, which are wider than its 
minima. This agrees very well with the assumptions presented above. As illustrated in 
Fig. 5.2, one would expect a larger and more flat region where the smaller bandgap 
takes place since this is where the smallest recombination lifetime will take place. It is 
thought that the 10 nm tolerance of the spectral filter at the detector allows this effect to 
be more apparent since the carriers recombining in the lower bandgap region will have a 
different energy from those recombining in the illuminated, higher bandgap, region (see 
Fig. 5.2. Therefore a narrow-band notch filter will allow us to monitor only the monitor 
the recombination from the higher bandgap region while illuminated by the excitation 
laser.
• The integrated PL intensity curve is more symmetrical. This may be due to the size of 
the detection area, being ~  7 pm, and hence collecting PL signal beyond the 2 pm 
excitation area. Another factor is the spectral bandwidth of the detection filter, being 10 
nm, which leads to measuring a PL signal integrated over the spectral width. These two 
factors allow the PL photons generated by the diffused carriers to contribute to the total 
number of detected photons, even though being of different energy, and hence result in 
an apparently symmetric scan profile.
• For carrier diffusion not to affect the resolution of the measurement in a bandgap 
grating (see Fig. 5.2), two conditions must be satisfied:
> The spot size of the excitation laser beam plus twice the carrier diffusion length 
should be much smaller than, the minimum feature in the bandgap grating. This is to 
minimise the number of generated carriers that can diffuse and recombine in the 
lower bandgap region.
>  The detection area in the PL set up, determined by the numerical aperture o f the 
detector optics, should be much smaller than the minimum feature in the bandgap 
grating. A detection area equal to or less than the excitation area can eliminate the 
contribution from the carriers that diffuse beyond the excitation area. The limit of 
this criterion is to use near field optics such as SNOM and STM, for excitation and 
detection sizes > A./40.20
Nevertheless, the measurements above indicate that the spatial resolution o f the 
intermixing process is better than 3 pm, with the measurements being limited by 
photogenerated carrier diffusion and the size o f the detection aperture. To the best of our 
knowledge, this is the highest spatial resolution measured of QW intermixing using the 
TRPL technique. Previous measurements of QWs intermixed using, similar IFVD process
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as well as a pulsed laser technique had established an upper limit o f about 5 and 20 pm 
respectively for the spatial resolution of these processes.10,28 Although the resolution 
observed is that o f the bandgap patterning, the measurements do not confirm that the 
bandgap difference between the intermixed and un-intermixed region within the grating is 
the same as that of the large areas tested (30 nm). This is because the measurements are not 
spectrally resolved, and instead is based on detecting the PL signal magnitude in a constant 
spectral region. This can be overcome if the following points are taken into account:
>  A map of the photogenerated carrier lifetime across the grating should be generated, but 
after comparing the obtained lifetimes with those o f large areas o f uniform, intermixed 
and un-intermixed regions. This will ensure the detection of the deviation of the degree 
of intermixing in different parts o f the grating from those obtained in large area.
>  Being able to resolve each PL measurement spectrally along the grating so the actual PL 
peak at each point is obtained.
ll.D. Spectrally Resolved Photoluminescence Micro-Probe
Measurements
Probing the absolute amount o f intermixing in gratings with dimensions o f ~10 pm 
was not possible by the set-up used in the previous section. However such bandgap-shifted 
gratings have many attractive applications in the field o f integrated optics. They can be used 
for light reflection or to periodically modulate optical coefficients, such as y}2\  to achieve
29phase matching. Although the task o f measuring such bandgap gratings can be carried out 
using scanning near field optical and tunnelling microscopy, SNOM and STM,30 more 
simple experiments devised to measure the bandgap o f such features should prove valuable.
Measurements were carried out on gratings fabricated in a similar way to that of the 
samples investigated using the spatially and temporally resolved PL system discussed in the 
previous section. The wafer structure used for this experiment consisted o f four QW p-i-n 
doped heterostructure, as described in Appendix A {wide optical waveguide 4QW laser 
structure). A Renishaw 'Ramascope' equipped with a sample positioning stage with a 
precision XYZ mechanical system was used, and is shown in Fig. 5.6. At every position, the 
spectrometer of the Ramascope was scanned across a pre-set spectral regime to cover the 
spectral region o f the PL emission. Hence, at every point in the sampled area, a whole 
spectrum was obtained, after which the PL peak position could be determined using curve 
fitting.
The peak wavelength as a function of position along a 4 and a 12 pm grating are 
shown in Fig. 5.7 (a) and (b). The PL wavelength varies between 850.5 nm and 851.5 in 
case o f the 4 pm grating, resulting in a differential shift of 1 nm. For the 12 pm grating, the
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PL wavelength varies between 827 
nm and 840 nm, resulting in a 
differential shift o f 13 nm. It 
should be noted that the large area 
wavelength peaks o f  this sample 
were at 847 nm and 831 nm, 
resulting in a differential shift o f 
16 nm. In Fig 5.8, the wavelength 
peak shift for different grating 
periods is plotted and compared to 
the PL wavelengths o f the 
intermixed and un-intermixed 
regions. It is clear from data that 
the bandgap shift is much less in 
the grating than it is in large areas. 
For grating periods under 10 pm, 
the amount o f intermixing induced 
in both the intermixing and 
inhibiting caps is less than that 
achieved in a large area o f the 
inhibiting cap. For this batch o f 
samples, a large area o f SiCLiP cap 
produces a PL shift o f 10 nm, 
where as the PL shift underneath 
both regions in the 4 pm grating 
are less than 4 nm. This effect
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F ig. 5 .7  Line scans for the PL shift along two periods o f  
(a) 4 pm and (b) 12 pm 1:1 gratings in a 4Q W  sample.
cannot be ascribed to either the excitation spot size, or the detection area or even the 
photogenerated carrier lifetime. An area dependent dielectric cap annealing induced 
intermixing can only explain this measurement.
The findings in the broad area PL measurements were observed in several previous 
incidents and were ascribed to anomalies in either the grating patterning or the lift-off o f the 
caps. In those measurements a large area (50-100 nm) o f multi-mode fibre was used to 
excite and collect the PL signals. However the measurements carried out by the Ramascope 
are more conclusive, confirming the previous observations. To our knowledge 
measurements with this precision were not conducted before on 1 :1  gratings with these 
sizes. That is why this size dependent intermixing was never previously observed. Previous
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Fig. 5.8 PL wavelength shift as a function of the grating period obtained from (error bars) 
the spectrally and spatially resolved PL. The blue horizontal lines in indicate the lower and 
upper limits in annealing with large area caps
measurements to obtain the resolution limit o f the dielectric cap annealing induced 
intermixed were conducted using a constant duty cycle grating with a varying filling factor 
o f the intermixing cap. While this technique can give some information about the ultimate 
resolution o f the process, it can be very difficult to resolve the effect we have seen in our 
measurements because:
i. The observations reported here take place for grating periods < 12 pm, where the effect 
o f  excitation spot size, PL collection area, and photogenerated carrier life time have 
detrimental impact on the results and can surely impact the interpretation o f the results.
ii. A single micrometer-scale stripe o f dielectric cap that inhibits intermixing within a 
larger area o f a cap that promotes intermixing, or vice versa can be used to eliminate 
the carrier diffusion from affecting the resolution studies. However such measurements 
will not give accurate information about what takes place in 1 : 1  grating sample with 
the same stripe dimensions. This is because the effects o f  the size dependent 
intermixing will give different results in both samples.
In this section we have investigated the spatial resolution o f  the dielectric cap 
annealing induced intermixing process. From spatially and temporally resolved PL 
measurements, resolution better than 3 pin was observed. However, indications o f carrier 
diffusion into the neighbouring, low bandgap regions, were evident from the TRPL 
measurements. We have also seen sufficient evidence to believe that dielectric cap 
annealing induced intermixed is dependent on the area o f the caps used for enhancing and 
inhibiting intermixing. This can be seen in the amounts o f intermixing induced in 1:1 
grating periods below 8  pm. Intermixing observed in these gratings is less than that obtained
. t  —■ ■ . i ■ r-— —
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underneath large area covered with caps such as SiC^P, which is known to inhibit 
intermixing. This result will have a profound impact on applications such as gratings for 
quasi phase matching applications, where a periodic grating with an approximate period of  
1.7 pm is needed at a wavelength o f 1.55 pm. Systematic studies to further investigate the 
phenomenon are in progress.
III. R aman S pectroscopy
The light scattered from a laser beam incident onto a sample, when of sufficient 
intensity, is shifted in energy from that o f the original incident laser beam. The shift in 
energy is due to the interaction of the incident photons with the mechanical modes of the 
lattice, namely phonons. A resultant net exchange in energy takes place between the laser 
photons and the lattice phonons. The Raman-scattered photons gain energy upon absorbing 
a phonon, anti-stoke shifting, or lose energy upon emitting one, stoke shifting. The energy 
and momentum conservation laws for the scattered photons imply that, 
hvs =hV' ±hQ , (5 6)
hks =hki ± tiK ,
Where vs and v, are the scattered and incident photon frequencies, ks, and are the scattered 
and incident photon wavevectors. The phonon frequency and wavevector are denoted by Q  
and K  respectively.
Raman spectroscopy is based on studying the change in energy shift between the 
incident and scattered optical field. The full theory o f Raman scattering is complex, which 
explains why detailed line shape analysis is seldom used to analyse the results.1 Different 
phonon modes correspond to the different configurations by which the lattice can vibrate. 
There are both transverse and longitudinal phonon modes. Raman modes are also either 
optical, where atoms of opposite charge vibrate out of phase to give an oscillating dipole 
moment which couples to light, or acoustic, which are not necessarily between opposite 
charged atoms and have a constant speed of propagation as k->0.1 In case of compound 
semiconductors, there will be different vibration modes, and hence Raman peaks, for 
different sub lattices in the crystal. For example, there are AlAs-like and GaAs-like modes in 
an AlGaAs lattice, which corresponds to the two sublattices available. Much information 
about a lattice can be obtained by monitoring its different phonon modes, through their 
interactions with the incident photons.
Raman scattering has been used extensively to characterise a wide variety o f lattice 
parameters of almost all the semiconductor compounds o f current interest.1 The electronic 
properties, lattice quality, and alloy composition o f GaAs/AlGaAs heterostructure layers 
have been thoroughly investigated using Raman measurements, e.g. by Abstreiter et al. in 
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1978.31 For GaAs/AlGaAs heterostructures, the laser penetration depth can vary from 15 nm 
to 1 pm for excitation wavelengths o f 400 nm and 800 nm respectively. These are typical 
values, since laser penetration depth depends on the compound bandgap and therefore on its 
composition. For first order Raman back scattering from GaAs alloys (e.g. AlGaAs, 
InGaAs), only the LO mode appears when the Raman shifts are excited by an optical field 
along a <100> surface, only the TO appears when the Raman shifts are excited by an optical 
field along a < 110> surface and both LO and TO appear when the Raman shifts are excited 
by an optical field along a <111> surface. Any mode appearing where it should not (these 
are called forbidden modes) for a given measurement set up indicates imperfections in the 
crystal lattice ordering. That is because the crystal order is what determines the lattice 
vibration configurations and hence the Raman modes. Raman scattering is therefore a 
suitable tool for investigating lattice disruption due to implantation and annealing induced 
disordering. Many efforts to utilise Raman scattering were therefore put together to 
investigate implantation and annealing induced disordering.32,33 Because Si still plays a 
pivotal role in the present semiconductor technology, Raman characterisation has been 
developed to characterise a vast variety o f its properties. Raman scattering was also 
identified as a valuable tool in studying Si/SiGe lattices as early as 1973 by Brya et al.34 
Doping and impurity probing, stress and interface characterisation,33,35 crystal lattice 
quality36 and implantation induced damage are some o f the properties that can be 
characterised by Raman scattering. Raman spectroscopy is not only a research tool: it is now 
systematically used for in-situ monitoring of fabrication processes in industry, because of  
the high throughput of new system designs.37
Although the spatial resolution of IFVD was studied using spatially resolved PL, the 
resolution was limited by the excitation spot size, collection area, and diffusion length o f the 
photogenerated carriers. Raman scattering measurements, in contrast, are only limited by the 
laser spot size, since the scattered light is produced from only the part o f lattice illuminated 
by the laser. Raman measurements have served before as a sensitive technique for detecting 
and studying disordering in GaAs/AlGaAs heterostructures.31 The aim of this study is to 
examine the use o f Raman microprobe techniques in characterising QWI, since they have 
the potential of better resolution than that of spatially resolved PL. Raman measurements 
can also give depth information by changing the laser wavelength and/or point o f focus.
In this section we show:
i. It is possible to detect compositional intermixing in GaAs/AlGaAs MQW structures, 1 
pm below the surface, using Raman spectroscopy.
ii. Provisional results on using Raman spectroscopy to quantify the amount of 
compositional intermixing taking place in GaAs- AlGaAs heterostructures.
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iii. Raman spectroscopy can clearly detect periodic bandgap grating structures, fabricated 
by intermixing.
Compositional 
intermixing is expected to 
take place where the 
defects exist. Defects are 
introduced by several 
fashions depending on 
the intermixing
technology used. For 
example, in the case o f 
IFVD, defects diffuse 
from the surface towards the QWs, inducing excessive intermixing near the surface, where 
their concentration is maximum. Therefore the amount o f intermixing induced close to the 
surface will be much more than that induced in the vicinity o f the QW s. Hence the aim o f 
this work is to detect the compositional intermixing from the heterostructures associated 
with the QW layers to acquire accurate information about the compositional intermixing that 
leads to the bandgap energy shift in the QWs. This will be realised by trying different laser 
wavelengths, which have different probing depths.
III.A. Studying the Extent of Quantum Well Intermixing using
Raman Backscattering Measurements
In this study, two structures are used to investigate whether Raman spectroscopy 
can detect and quantify the amount o f intermixing. A four QW p-i-n doped heterostructure, 
as shown in Appendix A (wide optical waveguide 4QW laser structures), and a nominally 
un-doped MQW structure, as shown in Appendix A (waveguide MQW structures). One set 
o f the 4QW and two sets o f  the MQW structure were covered with 200 nm o f E-gun 
evaporated S i0 2 and annealed for 60 s at different temperatures between 875 °C and 975 °C.
The Ramascope used, as shown in Fig. 5.6, has a photon energy resolution o f  1 cm ' 1 
and uses a CCD electrically cooled to -70 °C. The maximum wavelength is limited by the 
sensitivity o f the CCD camera used for detection and is ~ 1 pm. The room tem perature PL 
spectra o f the samples were first measured. After, Raman measurements were carried out 
and the change in the energy shift o f the Raman peaks together with their FWHM were 
observed as a function o f  the PL shift measured. Initial experiments to measure the Raman 
spectra were carried out using a SDL 785 nm laser diode. This was the laser with the lowest 
energy available, and was used since it will suffer minimal absorption and hence have the
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Fig. 5.9 Raman spectra from the as-grown 4QW sample. The Raman spectrum is shown (a) before 
and (b) after removing the photoluminescence background line. The GaAs-like and AlAs-like Raman
spectra are indicated.
longest interaction depth. A strong Raman signal can hence be expected from the QWs. 
However, no Raman signal was detected using this laser because o f the strong PL signal it 
generates from the QWs. The intense PL signal, with a wavelength o f ~  750 nm for the 
MQW sample and -  850 nm for the 4QW sample, is superimposed on the, relatively 
weaker, backscattered light from the sample, which is with a wavelength o f —800 nm. The 
Raman signal could not, therefore, be resolved from the background luminescence. A HeNe 
laser was therefore used instead in the measurements that follow to study the Raman peaks. 
The incident beam was linearly polarised, in the (111) plane o f  the samples, the Raman
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signal detection was un-polarised, to 
ensure the detection o f all the Raman 
modes. 8 The light was focused with a x50 
objective in a spot size o f 0.34 pm, giving 
a power density o f 38 mW.cnT2.
III.A.1 p-i-n Laser Structure
The 4QW structure contains GaAs 
in the QW s and in the 100 nm capping 
layer, Al0 .2Gao.8As in the lower and upper 
barrier with a thickness o f 300 nm and 
Alo.4Gao.6 As in the lower and upper 
cladding, as shown in Appendix A. The 
photons from the HeNe laser have an 
energy o f 1.96 eV, and will have an 
absorption length o f ~  0.4 pm GaAs. To avoid absorption within the 100 nm GaAs cap, it 
was removed after annealing using a NH 3 :H20 2 solution with the ratio o f 5:95 for 60 s. The 
photon will have an absorption length o f 1 pm in the Alo.4Gao.6As upper cladding layer and
0.66 pm in the Al0.2Ga0 .sAs barrier region . 39 Light will therefore predominately interact with 
the Alo.4Gao.6As upper cladding layer producing a Raman spectra, with chances o f  acquiring 
Raman spectra also from the Alo.4Gao.6As-Alo.2Gao.8As interface.
Raman measurements were carried out on the samples, and the luminescence line 
from the QW s was subtracted from the spectra after. Curve fitting was carried out 
subsequently, to identify 
the energy shift and the 
FWHM o f each Raman 
peak in every sample.
From the spectra, 4 peaks 
were clearly detected and 
curve fitted. The 
information about the 
Raman peaks is shown in 
Table 5.1. The table also 
gives the closest peaks 
reported for
GaAs/AIGaAs lattice . ' 1,40
Table 5.2 Observed and reported Raman peaks for the
MQW GaAs/AlGaAs undoped structure. The reported peaks are 
after Abstriter et al:u
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Fig. 5.10 PL wavelength shift for the 2
sets of samples used in the Raman measurements. 
One set of DQW samples and two other of MOW 
samples.
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Fig. 5 .11 The change in the FWHM and energy shift the peaks detected in the 4QW
samples as a function of the PL wavelength shift are shown in (a) and (b) respectively. No 
consistent trend can be seen in the change of both parameters as a function of the amount of
intermixing.
Raman spectra o f the as-grown sample, before and after removing the background 
luminescence tail are shown in Fig. 5.9, with the Raman peaks identified.
Samples annealed at different temperatures exhibit different degrees o f intermixing, 
as can be seen in Fig. 5.10. The energy shift and the FWHM o f the Raman peaks are plotted 
as a function o f the PL wavelength shift due to intermixing in Fig 5.1 1. Although changes o f 
up to 13 cm 1 and 10 cm 1 in the energy shift and the FWHM of the Raman peaks 
respectively between the as-grown and intermixed samples are observed, changes do not 
show a consistent trend with intermixing. Obtaining no meaningful results from this set o f 
samples can be ascribed to the absorption o f the light in the cladding and barrier regions. As 
a consequence, the light intensity will be too low to generate a detectable Raman signal 
from the QWs. This implies that the only expected Raman signal with a detectable 
m agnitude will be from the cladding/barrier interface. In addition, compositional 
intermixing will occur within 1 - 2  nm at each heterostructure interface, which is much 
smaller when compared to signals generated from the rest o f the epitaxial layer. If one 
compares the volume o f the intermixed region in cladding/barrier interface to the volume o f 
the 1 pm Alo.4Gao.6As upper cladding layer on top, it will be clear how small is the 
interaction between the intermixed part o f the lattice and the photons.
Ways to overcome such obstacles o f detecting the lattice disorder near the QWs include:
i. Detecting the Raman signal in a waveguide structure, where the signal propagates for a 
few millimeters before detection. However this technique is not spatially resolved, and 
more importantly, it is a destructive test. Non-destructive means o f  measurement are 
essential for wafer diagnostic purposes at different PIC device fabrication stages.
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Fig. 5 .1 2  Raman spectra from the as-grown MQW sam ple with a top G aA s layer. The
Raman spectrum w ere induced using a HeNe laser and are shown after rem oving the 
photolum inescence background line. A lso  shown are the tw o groups o f  the Raman spectra 
belonging to the G aA s-like and the A lA s-lik e m odes. The change in the FWHM and the energy 
shift all the peaks as a function o f  the PL w avelength shift is shown in (b) and (c) respectively.
ii. Etching the cladding and most o f the barrier layers can also alleviate the associated
absorption. However this is also a destructive means, and is not trivial to implement,
due to the challenges o f the precision o f wet etching o f GaAs/AlGaAs heterostructures. 
III.A.2 Undoped Waveguide Structure
The MQW structure contains GaAs in its 76 QWs and in the 100 nm capping layer,
and Alo.4Gao.6 As in the barriers as well as the lower and upper cladding layers, as shown in
Appendix A. The potential photon interaction with the QW /barrier interface lattices will be 
generally greater in MQW structures, due to the increased num ber o f wells in comparison 
to that o f the 4QW sample. The same 632 nm HeNe laser set up, used in the previous
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Fig. 5 .1 3  Raman spectra from the MQW as-grown with the top G aA s contact layer
removed. The Raman spectrum is shown (a) before and (b) after rem oving the 
photolum inescence background line. The G aA s-like and A lA s-like Raman spectra are indicated.
section, was also used to induce the Raman signal. In this set o f samples, with the GaAs cap 
on, photons will suffer considerable absorption in the 100 nm GaAs cap, where the 
absorption length is 400 nm. The Raman modes will therefore be expected to originate from 
the interface o f the contact GaAs layer and the Alo,4Gao.6As upper cladding, but less likely to 
be from the QW /barrier interfaces. Samples were coated with E-Gun SiCT and annealed 
along with the 4QW batch, as presented in the previous section. The PL shifts as a function 
o f the annealing tem perature are shown in Fig. 5.10. After removing the background PL 
signal, and curve fitting the Raman spectra, 5 peaks were clearly detected. The information 
about the peaks and their designation are listed in Table 5.2 along with the closest peaks
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Fig. 5 .1 4  The change in (a) the FWHM and (b) the energy shift for all the Raman peaks
detected as a function o f  the PL wavelength shift.
reported in Abstrieter et a /.31,40 The Raman spectrum o f the as-grown sample, after 
removing the background luminescence tail, is also shown in Fig. 5.12 (a).
As was done for the 4QW  sample, the energy shift and the FW HM  o f the Raman peaks o f 
the MQW samples with GaAs cap on are plotted as a function o f  the PL shift due to 
intermixing in Fig. 5.12 (b) and (c) respectively after curve fitting. The FWHM o f the 
Raman peaks o f the A lo^G a^A s cladding layer do not show any appreciable change as a 
function o f PL shift. However the FWHM o f the unidentified peak at 376.8 cm '1 exhibits a 
monotonic increase as a function o f the wavelength shift in the PL peak. This energy shift 
was not found to correspond to any o f the Raman modes o f  the com positions available in the 
epitaxial layer, namely GaAs Al0 2Gao sAs and Alo.4Gao6As. Although more samples should 
be fabricated and examined, this peak might be associated with the p-like doping o f the 
structure.1 Similar to the FWHM, the energy shift o f the Raman peaks o f  the Alo4Gao6As 
cladding layer do not show any appreciable change as a function o f  PL shift. The maximum 
energy shift o f the TO mode o f the AlAs-like / GaAs-like Raman peaks increase / decrease 
by ~ 2 cm '1, respectively, as seen in Fig. 5.12 (c). However the sign o f the change in their 
energy shift indicates an increase in the A1 content o f the effective composition o f the layer 
inducing this Raman signal. This effective increase in the A1 content clearly does not match 
what is expected from compositional intermixing o f GaAs/Al0 4Gao 6As interface. The AlAs- 
like TO mode shows, in contrast, a reduction in the energy shift, although no more than ~ 2 
cm '1, yet the change indicates an increase in the effective A1 content o f the layer inducing 
the Raman signal. The energy shift o f  the rest o f the peaks shows no consistent trend o f 
change as a function o f the amount o f intermixing. Further analysis o f the Raman peaks' 
behavior was not carried out since the photons used will be mostly absorbed in the GaAs
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layer, and hence the signal observed is most likely generated from the single interface o f the 
top GaAs contact layer and the Alo.4Gao.6As cladding. Therefore, even if we detect a 
meaningful signal from this interface, it will convey little, if any, useful information about 
the compositional intermixing taking place at the QW/barrier interface. We hence move on 
to test the MQW samples with the GaAs caps removed, since they have the potential to 
provide useful information about the compositional intermixing at the interfaces QWs and 
the corresponding barriers.
III.A.3 Undoped Waveguide Structure after Etching the Contact Layer
The second set of MQW samples was prepared along with the samples investigated 
in the last two sections. This set o f samples had its GaAs contact layer etched using a 
NI-UfECh solution with the ratio o f 5:95 for 60 s. Similar to the previous set of MQW 
samples, after removing the PL background signal and curve fitted the Raman peaks 5 peaks 
were clearly detected in this set o f samples as listed in Table 5.2. The Raman spectra of the 
as-grown sample, before and after removing the background luminescence tail, is shown in 
Fig. 5.13. The PL shift as a function of the anneal temperature are shown in Fig. 5.10. The 
FWHM and energy shifts of the Raman peaks are plotted as a function o f the PL shift in Fig. 
5.14 (a) and (b) respectively. The FWHM of the AlAs-like and GaAs-like LO Raman modes 
of the Al0 4Ga<) 6A s cladding layer do not show any appreciable change as a function o f PL 
shift. On the other hand, the FWHM of the AlAs-like and GaAs-like LO Raman modes 
exhibit changes as large as 5 cm' 1 with no consistent trend of change observed as a function 
of the shift in PL peak wavelength. An increase approaching 20 cm' 1 was observed in the 
unidentified peak, similarly with no trend of change. The energy shift o f the AlAs-like and 
GaAs-like LO Raman modes of the Alo.4Gao.6As cladding layer do not show any appreciable 
change as a function of PL shift. Moreover, the sign of their change indicate an increase in 
the effective A1 content of the lattice inducing the Raman signal. The energy shift o f the 
GaAs like TO peak o f Alo.4 Gao.6As layer however, exhibits a monotonic increase with the 
increase o f PL shift. This suggests that a lattice with an effective A1 content less than 40% 
induces the Raman signal. This reduction in the A1 composition o f the intermixed MQWs 
matches expectations from compositional intermixing of GaAs QWs and Alo.4 Gao.6As 
barriers. The Raman spectrum of the sample annealed at 960 °C for 60 s, before and after 
removing the background luminescence tail, is shown in Fig 5.15. This sample exhibited a 
PL shift o f 70 nm, with a change in the GaAs TO Raman peak of 4 cm' 1 from that o f the 
original sample, 41 which matches the energy shift o f the TO GaAs-like Raman mode of 
Alo.3Gao.7As, still explaining well the expected intermixing o f 2.8 nm GaAs QW and 10 nm 
Alo.4Gao.6As barrier. 42 The reason o f observing the compositional intermixing only in one of 
the Raman peaks and not all o f them is not known at this point in time, and requires further
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Fig. 5.15 Raman spectra from the MQW sam ple annealed with E-gun deposited S i0 2
caps at 960 °C for 60 s. The Raman spectrum is shown (a) before and (b) after rem oving the 
photolum inescence background line. The G aA s-like and A lA s-like Raman spectra are indicated.
investigation. Although this will be investigated in more detail, two factors might be 
contributing to these results.
• The photons used (632 nm) have absorption lengths o f  approximately 1 m in the 
Al04Gao6As upper cladding layer. Although relatively long, the absorption length is still 
finite and probably affects the strength o f the detected signal. It should also be noted 
that the absorption o f  the backscattered Raman signal is smallest for the energies o f the 
GaAs-like modes.
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Fig. 5.16 Line scans for the PL shift across two periods of an intermixed grating of a
MQW sample without the GaAs layer annealed tor 60 s at 950 °C with S i0 2/S i02:P caps are 
shown in (e) and (f). The scan of the (a) FWHM and the (b) position of the LO GaAs like 
Raman peak of the Alo.4Gao.6As cladding layer, and another scan of the (c) FWHM and the (d) 
TO GaAs like Raman peak of the Alo.4Ga0.6As cladding layer are also shown.
• The strong PL generated by the HeNe laser will result in poor Raman signal to 
background ratio. The PL signal, being smallest at the energies o f the GaAs-like modes 
as seen in Fig. 5.15 (a), will have the least effect on such modes. The GaAs-like modes 
are. therefore, expected to be the most sensitive to small change.
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III.B. Summary o f Raman Measurements
From studying the energy shift and the FWHM of various Raman peaks in 4QWs 
and MQW structures qualitative evidence o f QWI in was observed in MQW samples 
without the top GaAs. QWI could not be detected in samples with the top GaAs cap layer on 
because o f photon absorption in this layer. It was also not possible to detect intermixing in 
samples with 4QW photon absorption in the QW barrier regions and due to the reduced 
number o f interfaces where compositional intermixing will take place.
lll.C. Studying the spatial localisation o f Quantum Well
Intermixing using Raman Micro-Probe
To investigate laterally-localised intermixing, a sample from the MQW structure 
was used for spatially resolved Raman backscattering. An experiment is designed to 
investigate the change o f properties o f the different Raman peaks associated with the
different layers in the structure with a periodically varying intermixing grating. This work is
particularly interesting for applications involving the use o f  QWI with pm scale patterning 
for quasi phase matching in compound semiconductors. 43
Samples were coated with 200 nm of PECVD S i0 2 :P, then a grating pattern with 
different 1:1 periods was etched away from this cap. Another 200 nm of E-gun S i0 2 was 
evaporated after, to cover etched parts o f the grating, where it enhances intermixing. 44  
Samples were then annealed at 950 °C for 60 s. The dielectric cap and the top GaAs contact 
layer were wet etched after, using a HF solution for 30 s and a NH3 :H20 2 solution with the 
ratio o f 5:95 for 60 s, respectively. The Raman and PL spectra were induced using an Ar+
514.5 nm laser, with a x50 objective giving a spot size o f 0.276 pm and power density o f 83 
mW.cm'2. The absorption length at this wavelength is ~ 400 nm in the Al0.4Gao <>As cladding 
layer. A scan of the PL peak across 2 periods o f 1:1 grating was carried out with a step of 1 
pm. A plot o f the Raman peak shift as a function of position in the grating is shown in Fig. 
5.16 (e) and (f). As can be seen, the grating structure is clearly evident in the wavelength of  
the PL peak with a 6  nm shift between the intermixed and un-intermixed regions. The 
Raman modes studied here were the GaAs like LO and TO modes for the Alo.4 Gao.6As 
cladding layer. The LO mode varies between 271.5 cm"1 and 272.5 cm'1, which indicates a 
change in the AlGaAs composition between 45 % and 35 % . 45 Also the FWHM of this peak 
decreases from 15 cm' 1 in the region where there is minimal intermixing, to 1 1  cm*1, where 
there is enhancement in intermixing. Less contrast was seen in the modulation o f the Raman 
energy shift o f the TO mode when compared to that o f the LO signal. The TO mode varies 
between 258 cm' 1 and 260 cm'1, which implies a decrease in the effective A1 fraction o f the 
AlGaAs alloy inducing the Raman signal, indicating composition mixing between the GaAs
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Fig.5. 17 As-grown wafer and
waveguide schematics.
Fig.5. 18 Mode profiles for a 7 pm
wide waveguide. The outputs in the TE guided 
mode and the TM slab mode cases are shown.
QW s and the Al0 4Gao6As barriers.45 Also the FWHM o f this peak decreases from 23 cm '1 in 
the region where there is minimal intermixing, to 20 cm '!, where there is enhancement in 
intermixing. The change in the FWHM o f both Raman peaks is opposite to what was 
reported for a superlattice (SL) layer with the same effective AlGaAs com position.46 These 
studies reported an increase o f FHWM from 1 1 cm '1 for the SL to 13 cm '1 for the bulk.46 As 
can be seen in Fig 5.16 the changes in the Raman shift and FWHM o f these peaks coincide 
with the grating pattern, as identified by the variation in the PL peak. This confirms that 
Raman scattering can detect spatially localised QWI, at least qualitatively, through the 
position o f the energy shift and the FWHM o f the Raman peaks.41 It should be emphasised 
that in these measurements the signal is generated from the QW /barrier interface.
111.C. 1 Raman micro-probe o f intermixed waveguide structures
Since Raman measurements are attractive for probing QWI with sub pm 
dimensions, studies must be carried out on samples with the GaAs cap layer on, to ensure 
that indication about intermixing can still be detected from such structures. Intermixed 
waveguide with different widths were fabricated and tested using MQW samples as will be 
explained below:
Low loss waveguides defined by impurity-free vacancy disordering (IFVD) have shown 
promise as viable low losses interconnect waveguide in optoelectronics.4 They add new 
functionality due to their polarisation guiding characteristics.48 Such waveguides also 
have potential applications as novel non-linear switching elements based on soliton 
emission using the half bandgap non-linearity at 1.55 pm .49
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W aveguides are defined 
using the refractive index 
change induced by 
quantum well
intermixing. Previous 
results were based on a 
surface superlattice (SL) 
structure and resolution 
was limited by lateral
defect diffusion.
The S i0 2/S i0 2:P IFVD 
capping system, was used 
to fabricate the
waveguides. Waveguides 
were fabricated by 
intermixing the whole
wafer except where the 
guides were located. This 
results in a buried 
waveguide region below 
the S i0 2 cap, where n"  is 
lower than that o f the
original MQW, below the 
S i0 2:P cap, as can be 
seen in Fig. 5.17.
Single mode guiding was 
observed for waveguides 
up to 7 pm wide, at a 
wavelength o f 1.55 pm, 
which implies that An/wo 
even at sub-half the 
bandgap o f the MQW is 
large enough to sustain 
waveguiding. The mode
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Fig. 5.19 Line scans for the PL shift across two
waveguides of an intermixed MQW waveguide sample, with the 
GaAs layer and intermixed using sputtered silica technique, are 
shown in (g) and (h). The scan of the (a) position of the LO GaAs 
like Raman peak, and (b) the FWHMof the GaAs layer, of the (c) 
TO GaAs like Raman peak, and (d) the FWHM of the GaAs layer, 
and of the (e) TO GaAs like Raman peak, and (f) the FWHM of the 
Alo.4Gao.6As cladding layer, are also shown.
profile o f a 7 pm guide is plotted in Fig. 5 .1 8 .
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* Propagation losses were found to lie in the range 4-5 dB.cm'1, although the background
doping is in the mid 1016 cm' 3 for this structure. This value is the same as that reported 
for low background doping MBE grown SL structures. 47 
 ^ The waveguides also act as TE filters, as seen in Fig. 5.18. This confirms that the
TE/TM refractive indices change in the same way to that previously reported in SL .47
The Raman and PL spectra were collected using the same Ar+ laser set up as in the 
previous experiment, with the same spot size and an average power o f 207 mW.cm"2. A scan 
of the PL peak position across 2 waveguides o f width of 2 and 3 pm is shown in Fig. 5.19 
(g). As can be seen, the evidence o f the waveguides can be clearly see in the position of the 
PL peak with a 20 nm shift between the cladding and waveguiding regions. Raman peaks 
studied here were the GaAs like LO and TO modes for the top GaAs layer as well as the LO 
mode from the Alo.4Gao.6 As cladding layer. The LO mode of the GaAs layer varies between
271.5 cm"1 and 272.5 cm'1, again indicates a change in the AlGaAs composition between 45 
% and 35 %, which matches well what is expected from the barrier/QW intermixing.45  
Further, the FWHM of this peak decreases from 25 cm' 1 in the region where there is 
minimal intermixing, to 7 cm"1, where there is enhancement in intermixing. The TO mode 
varies between 258 cm"1 and 260 cm"1, which indicates a decrease in the A1 fraction in the 
AlGaAs lattice and matches well what is expected from the barrier/QW intermixing. 45 Also 
the FWHM of this peak decreases from 45 cm"1 in the region where there is minimal 
intermixing, to 3 cm"1, where there is enhancement in intermixing. The change in the 
FWHM for both Raman modes is also in contrast with that reported for a superlattice layer 
with the same effective AlGaAs composition as previously discussed. 50 As can be seen in 
Fig 5.19 the change in the position as well as the FWHM of these peaks coincides with the 
waveguide pattern determined from the PL peak wavelength. This confirms that Raman 
scattering can detect QWI, at least qualitatively through the position of the Raman peaks, 
which convey information about the lattice composition, and through the FWHM of the 
peaks, which convey information about the lattice order.
IV . P hotoluminescence E xcitation 
S pectroscopy
When only the lowest interband transition energy is used to characterise the 
intermixing process errors are likely to occur, as pointed out by E. H. Li et al..5] This is due 
to the factors affecting QWI, which are all convoluted to contribute to the observed bandgap 
energy shifts. Factors such as the heterostructure shape, the amount of barrier / well 
compositional mixing, the modification of the QW dimensions, and the strain related effects
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all have a roll in the final out come of 
the QWI process. Therefore studying the 
higher energy transitions should help 
provide more accurate information 
about what actually takes place within 
the heterostructure.
Photoluminescence excitation 
(PLE) is a technique by which all the 
bound energy transitions taking place in 
a quantum well can be measured. PLE 
uses a similar set-up to that o f the PL as 
shown in Fig. 5.1. In contrast to the 
conventional sequence o f events for PL 
m easurements, the monochromator is 
set at a wavelength, which is a few 
meVs less than the ground state energy.
The latter is determined from PL 
measurements. A tuneable laser source 
is then used to scan the range o f energies, which correspond to the available bound energy 
levels (usually the energy span is limited by the tuning capabilities o f  the laser used).1 As 
the laser irradiation energy is increased from that o f  the bandgap to higher energies, the 
photons are absorbed between the higher bound states, with consequent emission at similar 
energies. The various peaks in the collected spectrum correspond, therefore, to the various 
available transitions in the heterostructure that are within the scanning range o f the laser. 
The bound energy determined from PLE convey information about the heterostructures' 
dimensions, interface profile, and hence the composition distribution o f the heterostructure. 
The dependence o f  the QW optical transitions on the density o f  states and the optical matrix 
elements pose a set o f  rules, which govern the transitions between bound states from such 
structures. They stem primarily from the assumptions associated with the heterostructures, 
o f  which the orthogonality o f the wavefunctions is a dominant factor. These rules are termed 
the selection rules, and they dictate a set o f the permitted transitions to take place between 
the bound states. If the designed structure deviates from the ideal QW by a significant 
extent, then the restrictions on the transitions set by the selection rules are relaxed and hence 
forbidden transitions are detected in the PLE spectra. These forbidden transitions are, 
therefore, an indicator o f the deviation o f quantum wells from the infinite barrier 
approximation. Fundamentally the selection rules for interband transitions can be summed 
in 3 points, which are,
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Fig. 5.20. Plot of PL spectra of the samples
used in the PLE experiment, and typical PLE 
spectra obtained from the samples.
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1- The allowed transitions must conserve the moment vector k, i.e. vertical transitions take 
place unless interactions with phonons take place.
2- Transitions are only allowed from bands with similar parity, i.e. bands with similar 
symmetry such as el —>h3, e2—>h4, etc.
3- Due to the orthogonality o f the wavefunctions in infinite QW s, transitions only o f the 
same energy level number are allowed, i.e. e l —>hl, e2—>h2, etc., however this rule is 
not strictly true in real QW s where the confining potential is finite. Transitions between 
same energy level number bands are usually the strongest.
Upon obtaining the
energies o f the ground and 
higher states o f a QW, and by 
solving the Schrodinger wave 
equation for a QW with an 
arbitrary potential profile, a 
fit for the QW shape can be 
deduced. Similarly, the 
shapes o f the inter-diffused 
QW s can also be obtained by 
fitting the measured energies 
o f the ground state and higher 
confined states to an 
appropriate Al/Ga diffusion 
profile.
Table 5.3. Experimentally observed transition energies for
a non-intermixed reference sample (column 2). The calculated 
results from both a square well (column 3) and an exponential 
well profile (column 4) are also included.
VI.A. Studying Quantum Well profiles using Photoluminescence
Induced Excitation
PLE was used to determine the energies o f the confined states in double quantum 
well (DQW ) separate confinement heterostructure (SCH) pin laser material, as shown in 
Appendix A. The samples were cleaved up into square pieces o f 3x3 mm2, and were coated 
with 200 nm o f SiCT deposited by electronic gun evaporation. The samples were then 
annealed, with the S i0 2 caps present, at temperatures in the range 875-950 °C for 60 s.
PLE measurements were performed on the annealed samples along with one control un­
annealed sample as a reference. A He-Ne laser was used for the PL measurement and a 
Ti:Sapphire laser for PLE. PL and PLE data obtained from three representative samples are 
shown in Fig. 5.20. The model and parameters used in the energy calculations are carried 
out reported by M. L. Ke el al.22,53 A conduction band offset o f  0.65 AE^ was used and band
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non-parabolicity was included as 
suggested by E kenberg /4 The 
electron band edge effective mass 
was taken to be 0.0665m , whileo’
the Luttinger parameters, as 
devised by Lawaetz, were used to 
derive the heavy and light hole 
m asses.55 From the PL data (Fig. 
5.20(a)), it is obvious that the 
lowest band edge transition 
energy increases with increasing 
annealing temperature. This is 
also confirmed by the PLE data 
(Fig. 5.20(b)), where the lowest 
energy peak represents the 
excitonic transition between the 
lowest energy electron states and 
heavy hole states (e l-h h l) . Many
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Fig. 5.21. Plot of the measured e l—>lh 1, and 
e2—>hh2 transitions obtained from PLE measurements. 
Transitions fitted for an initial square, exponential, and 
single sided exponential QW profiles are also plotted and 
represented by the dashed, solid, and dashed- dotted lines 
respectively.
other transitions are also visible in the PLE spectra, which provide information about the 
behaviour o f the higher subbands with intermixing. Also clear from the spectra, is the 
decrease o f the higher states’ energies with the increase o f  the annealing temperature, which 
opposes the trend for the
lowest two bound states. 
Another interesting result 
from the PLE data is that 
many o f the observed 
transitions are in fact 
forbidden. As discussed 
earlier, it is well known 
from the selection rules, 
that for an ideal infinitely 
deep square well, only 
transitions with the same 
energy level are allowed 
because the wavefunctions 
o f all other transitions are
Table 5.4. Experimentally observed transition energies for
an intermixed sample (column 2), which was annealed at 925 °C 
for 60 s. The calculated results for the diffusion of both an initial 
abrupt well (column 3) and an exponential well profile (column 
4) are also included.
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orthogonal. This means that Al^>m-n=0, where m and n are the subband indices for the 
conduction and valance band respectively. However, for a real QW, which has a finite depth 
and may contain graded interfaces, the orthogonality o f the wavefunctions is relaxed, 
resulting in a modified selection rule, where Al=>even transitions are allowed. This is why 
all possible transitions can be observed in the emission spectra. 56
The electronic band profile o f the reference sample was initially calculated using a 
finite difference method, assuming a square well shape as shown in Fig. 5.21. Also Table 
5.3 shows the various transition energies from both simulated and PLE data. While the two 
sets of data agree well for the lower transitions, there is, however, a noticeable discrepancy 
for the higher ones. Apparently, the calculated energies for the higher subbands are always 
larger than those observed experimentally, suggesting a wider well is needed for the higher 
subbands. In order to take the behaviour o f the higher energy subbands into account, an 
exponential interface profile was used instead of the square well approximation. A well 
profile o f the form,
<r = G. exp[- P K z 1  jx| > Lw 12
<T = 0  W < 4 , / 2
was used, where C, is the energy profile o f the well, (5 is the curvature parameter, Lw the 
initial well width (i.e. the width o f the bottom of the well). Using this profile a much better 
fit for all the transition energies was obtained as shown in Table 5.4. Similar work has been 
reported recently indicating that an initial exponential profile for the QWs fits the measured 
data better than a square profile. 57 Error function profiles were also used to fit the data from 
the reference sample, but the calculated energies did not match the measured experimental 
data. The subband energies o f the samples annealed at higher temperatures were fitted both 
to error function profiles and to Ga diffusion profiles resulting from an initial exponential 
QW profile, assuming a Fick's law diffusion. The latter fit leads to diffused quantum well 
profiles described by the following equation,
C ( z )  = C ° £ _  C(r?)-e4adfj+ C° £  £(ri)-eia drj 
2 4 n D t 2 2 2^7iDt 2 +z
(5.8)
where C^ rj) is the initial exponential QW profile as given by equation (5.7). The equation 
was solved numerically, and the energies o f the diffused wells were obtained. 17 The 
resulting diffusion profiles o f the square and exponential as-grown profiles are shown in Fig 
5.22. Also as can be seen in Table 5.3 and Fig 5.21, for an initial exponential profile with 
P=500 and subsequent diffusion, there is good agreement between experimental and 
calculated energy values o f all o f the transitions, not merely the ground level transition.
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As well as the exponential profile 
discussed, others were also studied 
including an initial erfc profile, 
which produced energy levels 
further away from the measured 
energies than those produced by 
the initial square well profile. 
Initial square wells with a 
thickness different than that 
specified during growth were also 
investigated giving rise to good fit 
for the lower energy level, e l- lh l ,  
but inaccurate fit for the higher 
levels. In addition, asymmetric 
profiles were studied: results for 
single sided exponential profiles 
produced energy levels which 
fitted experimental results better 
than those produced by the square 
wells but not as good as those 
produced by the symmetric 
exponential profile, as can be seen 
in Fig 5.21. A QW profile with one 
side being an erfc profile and the 
other being an exponential profile 
was investigated giving rise to 
higher energy levels in good
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Fig. 5.22. Plot of the as-grown and interdiflFused
QW profiles of (a) a square QW approximation and (b) 
an exponential QW approximation.
agreement with the measured ones, but the ground level, e l- lh l ,  was in poor agreement with 
the measured value.
Although the as grown QW  interface gradient is evident in the fitted calculations 
presented in the experiments above, the exact interface shape is thought to be asymmetrical. 
Considering the growth dynamics at the QW interface closer to the substrate, the only 
intermixing expected at this heterostructure for the system to be causal can by induced due 
to growth related effects. Such effects are reported to be negligible for GaAs/AIGaAs 
heterostructures. Therefore, any gradient on that interface is expected to be much smaller to 
that expected at the upper interface o f the QW, where a longer response time is expected for 
epitaxial layers with the desired A1 content to be formed, even with A1 cell set to the right 
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temperature. 58 More formal multi-band k.p model should be used for accurate calculations 
of the higher bound energy levels. 19 An asymmetric profile should then describe the 
behaviour o f the bound energy levels more accurately, since it relates better to the physical 
conditions o f growth. An element o f error will also be introduced from the failure o f the 
effective mass approximation used in these calculations to accurately predict the behaviour 
o f higher energy levels in a graded QW.
V . S ummary
The PL experiments have shown a decrease in the photogenerated carrier lifetime 
from 3 ns to 1 ns between the un-intermixed and intermixed regions respectively. However 
the asymmetry in the reproduction of the grating pattern in the lifetime results is a strong 
indication of carrier diffusion and subsequent recombination across the grating periods. 
From these measurements a resolution better than 3 pm was predicted for the dielectric cap 
annealing induced intermixing process. Spectrally resolved micro-PL measurements were 
also carried out across the same grating. From these measurements it was found that 
gratings less than 8  pm have an induced intermixing much less than that induced under the 
inhibiting cap, namely SiCTjiP. Also the differential shift induced underneath gratings of 
these sizes is much less than the differential shifts obtained between large area SiC>2 and 
SiC>2 :P caps. This is the first experimental observation of the direct role of the dielectric cap 
area on the intermixing it induces.
We have demonstrated that studies using micro Raman probes are a useful tool to 
investigate QWI. Evidence o f the intermixing was observed in the wavelength of the PL 
peak, from the cladding layer, as well as from the barrier/QW interface. However this 
correlation between Raman signals and the amount of intermixing could only be detected 
for MQW structures, where there is a sufficient number of QWs/barrier interfaces to 
produce a detectable signal, and where there are barriers non-absorbing to the excitation 
wavelength. Similar results could not be obtained for the samples with 4 QWs even after 
etching away the top GaAs layer. Raman peaks indicating intermixing were detected from 
the barrier/QW in a periodically intermixed 1:1 gratings, which were identified using 
spatially resolved PL. In addition, the energy shift and the FWHM of the Raman peaks were 
observed as a function of distance for waveguides defined by QWI, and were also detected 
using spatially resolved PL. Because the GaAs cap was not etched away from these samples, 
the Raman peaks generated were from the cladding/top GaAs contact layer interface, which 
is excepted to undergo an amount o f intermixing dissimilar to that of the QW/barrier 
interface. Therefore a laser of 900 nm is needed to induce a detectable Raman signal from 
the QW/barrier interface.
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From PLE experiments, the potential profile o f as grown QWs was found not to be 
square shaped in GaAs/AlGaAs heterostructures. By fitting the QW bound energies to 
various potential profiles, it was found that symmetric exponential profiles give the best fit 
for the energy levels o f both the initial and the interdiffused QW profiles. The observed non­
abruptness o f the heterostructure interface can be confirmed by difference techniques 
including high resolution TEM. On the other hand, the exact interface profile can not be 
known accurately without carrying out more PLE measurements on a group of samples and 
obtain statistically the profile that fits best the energy transitions, since growth runs will not 
be identical. The calculations shown here are carried out for the ground as well as the higher 
energy levels. For these higher levels, the effective mass approximation is quite inaccurate, 
and hence a more formal k p  approach should be used to calculate such bound states. The 
consequences o f such findings have a direct impact on the QW diffusion behaviour. The 
profiles calculated for a square initial QW profile would obviously lead to errors in the 
obtained diffusion coefficients, which can be a considerable source o f inaccuracy in the 
model developed to quantify the intermixing, as described in Chapter 3.
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CHARACTERISATION 
OF LATTICE 
CONSTITUENTS AND 
DEFECT DIFFUSION
Native point defects and lattice atoms play a major role in inter-diffusion. Studying 
the effect o f such particles' concentration, profile, and thermodynamic properties on 
intermixing is o f prime importance for understanding the mechanisms and modelling the 
kinetics o f the process. Direct measurement of point defects is still an open question, while 
the resolution by which we can depth-profile native matrix elements is not usually great, when 
compared to the abruptness o f heterostructure interfaces. Therefore there is a pressing need 
for a comprehensive, yet simple and versatile means to characterise the different mechanisms 
involved in the process o f quantum well intermixing. While optical techniques proved 
valuable in characterising the distribution of intermixing in the semiconductor structures, as 
discussed in the previous chapter, they are harder to use to probe the particles associated with 
inter-diffusion. Non-optical techniques will, therefore, have to be used for this task.
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I. N o n -O ptical C hractreisation T  echniques
Although optical spectroscopy techniques are widely used to investigate 
intermixing, 1,2 the accuracy of the values provided by many of these techniques is still a topic 
of current research. 3,4 Other, destructive, measurement techniques such as 
cathodoluminescence, deep level transient spectroscopy and Rutherford backscattering, can 
be however used to provide more accurate answers. Tedious sample preparation is needed, 
though, in some of these techniques. Another drawback of destructive techniques is that they 
cannot be used for monitoring the performance o f intermixing processes at different stages of 
PIC fabrication. In addition, direct measurements o f some important parameters, such as 
vacancy/Ga flux at a GaAs/Si02 interface, are not possible to carry out, while others have to 
be measured indirectly. The diffusion coefficients o f point defects, for example, are often 
inferred indirectly from other parameters such as sample conductivity, or the amount of 
induced intermixing in QWs. 5,6 Indirect measurements of any given parameter leaves room for 
much uncertainty and inaccuracy.
One important reason for the difficulties found in measuring parameters describing 
lattice constituents from optical techniques, is the probing range of an optical beam in a given 
material. The probing range o f an optical beam is dependent on its wavelength and the 
absorption the photon suffers. The lower limit on the accuracy of probing the surface layers 
of any structure using visible and infrared photon energies is approximately 15 nm. 7 While 
this is a fairly low value, averaging parameters over such layer thicknesses is not accurate 
enough for many measurements and is also the upper limit for ion-beam techniques. Such 
techniques use ions and electrons as a means o f probing the lattice. Typical probing depths of 
these particles can be ~ 1 nm for ions, ~ 2  nm for electrons, and from 15 to 1 0 0 0  nm for 
photons, depending on their absorption in the material. 8 Due to their atomic-scale penetration 
depths, the ions and electrons, when used under ultra-high-vacuum, UHV, can investigate the 
top most few monolayers of a material. 8 ,9 ,10 When used with sputtering mechanisms, they can 
also be a powerful tool for quantitative depth profiling o f defects and lattice constituents, with 
an atomic-layer accuracy.
Physical properties, such as particle mass, chemical activity, and particle binding 
energy are used to characterise the lattice atoms and point defects. 9 ,10 ,13 Various techniques 
such as X-ray photoelectron spectroscopy (XPS), secondary mass ion spectroscopy (SIMS), 
Auger electron spectroscopy (AES), and Rutherford backscattering (RBS), are available for 
semiconductor lattice analysis:
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XPS is based on illuminating samples in a vacuum with X-rays. The X-rays will 
induce photo-generated carriers in the material as a result. The binding energy of the chemical 
configuration of the surface elements governs the energy of the photo-emitted carriers. 
Different atoms in different chemical configurations can hence be identified using the energy 
of the photo-emitted carriers. Depending on the incidence angle o f the X-rays, the probed 
depth can be varied from fractions o f nanometer, to a few nanometers. In conjunction with a 
sputtering system, XPS can depth profile the constituents o f any material, which can be 
sputtered using an ion beam. 9 ,10 ,13 It has been used lately to investigate the surface treatments 
used in certain IFVD process. In one example, XPS was used to identify the nature of the 
oxide on the surface and its relation to the induced intermixing for a particular IFVD 
process. 11 It is a particularly attractive technique because o f the low damage induced by the 
X-rays, and hence the minimal redistribution it causes to the topmost monolayers of the 
sample surface.
AES is based on detecting the electrons excited when an electron beam is incident on 
the sample. The excited electrons are called Auger electrons, and are emitted with 
characteristic energies depending on the elemental composition o f the sample. 9 ,10 ,13 AES was 
one of the first techniques used to investigate inter-diffusion in heterostructures due to QWI, 12 
it was also used to profile thermally induced Ga/Al inter-diffiision. 13
SIMS uses a beam of low energy ions to knock-off the constituents o f a sample's 
surface. The sputtered particles are then detected directly using a mass spectrometer. A 
sputtering source with sufficient energy can be used to enable depth profiling of the sample, 
which makes the technique very attractive for semiconductor studies. This mode of 
measurement is often called dynamic SIMS, and has been used extensively to investigate 
various aspects of intermixing processes. It has been used to profile the inter-diffusion of 
QW/barrier constituents, out-diffiision o f lattice atoms in IFVD, and impurity diffusion in 
impurity induced intermixing. 2
While the techniques discussed above probe the particles' physical and chemical 
properties, other methods exist to characterise the electronic properties o f the particle, 5 of 
which deep level transient spectroscopy, DLTS, is powerful example. 14 By making 
temperature scanned transient capacitance measurements o f p-n  junctions or Schottky 
barriers, one can identify emission and/or capture centres located within the energy bandgap 
of semiconductors. Identification can take place at various depths within the depletion region 
of the sample. 15 Different traps existing at different energies within the bandgap, can have 
their energy, concentration profile, and spatial variation, resolved, each corresponding to a 
different type o f lattice defect or impurity. 16,17 DLTS has proven very useful in identifying
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and studying impurities, it has also been used to investigate defects introduced during 
annealing o f compound semiconductor structures. 18 
In this chapter we shall investigate two issues:
i. Identification of the native point defects associated with IFVD and their change with the 
annealing temperature and hence the amount o f intermixing. This will be carried out 
using DLTS measurements.
ii. The out-diffusion of the semiconductor matrix elements into the dielectric caps used 
within this work, and how the diffusion of lattice atoms affect intermixing. This will be 
conducted using SIMS measurements to trace the GaAs lattice atoms within the dielectric 
cap.
II. C aracterisation O f P oint D efect
Most processes o f QWI take place through diffusion of point defects and therefore 
require a means o f introducing the defect concentrations. Accordingly, QWI will benefit a 
great deal if native point defects are better understood and characterised. The properties of 
native point defects in compound semiconductors are not well documented. Various means of 
studying defects have been exploited over the past few decades, o f which DLTS, positron 
annihilation (PA), and electron paramagnetic resonance (EPR), are the most effective. 19 
Despite being powerful in detecting point defects, these techniques do not provide much 
information about the thermodynamic properties o f defects. Defect thermodynamics is 
important because of its direct relevance to the process of intermixing. From the 
thermodynamic properties of a defect, one can obtain information about its energy of 
formation, its diffusion and recombination, all of which have a direct impact on intermixing 
kinetics. 20 In addition, differential thermal analysis has been proven to be a powerful 
technique for identifying thermodynamic properties of point defects. 19 In this study, we shall 
use DLTS to measure the deep level traps generated during IFVD of GaAs/AlGaAs samples
and then match the traps to the point defects most likely to be generated by this QWI
1,2 ,2 0 ,2 1  process. ^  ’
DLTS is an electrical method to characterise deep level traps. It relies on high 
frequency (MHz regime), thermal scanning of capacitance transients caused by the charging 
and discharging o f traps available within the depletion region of a p-n junction or a Schottky 
barrier. After the traps are charged, monitoring their subsequent discharge behaviour to reach 
equilibrium-state again, as a function of temperature conveys information about the 
concentration, electrical charge, and the position of these traps in bandgap. 14 Several 
conditions must be fulfilled for DLTS measurements to convey valid results: 19
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Fig. 6.1 Plot of the DLTS signal of a sampled annealed at 925 °C for 120 s.
>  The width o f the space charge region, which is determined by the free carrier 
concentration, must remain unchanged throughout the whole emission stage. This 
requires a trap concentration at least one order o f  magnitude lower than the background 
carrier concentration in the lattice. Failure to meet this condition results in a non­
exponential emission and hence an apparent shift in the temperature at which the defect 
induces maximum capacitance (defect signature). This leads to an apparent reduction in 
the defects' concentration, and has been previously reported for the EL2 defect in 
GaAs.22’19
> Leakage current and recombination centres, when are o f a magnitude comparable to the 
defect emission rate, can reduce the apparent concentration o f the detected traps.19 
Therefore they should be minimised. One way o f insuring such a condition can be done 
by testing devices with the lowest leakage currents. In addition, the leakage current can 
be plotted as a function o f the device area for a range o f device sizes. For an insignificant 
contribution from side-wall, leakage the leakage current measured should be linear with 
the change in area.
r  Trap signatures should be compared at similar rates,2319 because the change o f emission 
rate with the electric field can change the apparent trap signature. It should be noted that 
this change o f emission rate with the electric field also increases with the doping 
concentration for a given applied bias.
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Fig. 6.2 Arrhenius plot of the signature of deep level traps identified in the various samples
tested using DLTS.
II.A. Studying Vacancy Diffusion using DLTS
The defects introduced during IFVD are known to be primarily f///.12 0 Most o f  the 
evidence for this assertion has been obtained indirectly by measuring the Ga concentration in 
the dielectric caps,24 2" and the Al/Ga interdiffusion coefficient during annealing,6 etc. It would 
be an advantage to monitor the movement o f such defects directly, but in general, the 
concentration and type o f vacancy can be difficult to establish. A powerful method for 
characterising defects both in semiconductor material and in devices is D LTS.14 Laser 
structures are not suitable for DLTS measurements, as it is not possible to move the depletion 
region through the gain section, which is the region o f interest. In order to estimate the 
concentration o f vacancies and other defects induced by the IFVD process, GaAs samples 
containing a p n junction were fabricated for DLTS measurements.
The structure, shown in Appendix A (DLTS structure), consisted o f an n substrate 
with a 1.5 pm thick unintentionally doped (2x lO u> c m 3) layer, which is the minimum n-type 
background doping achievable with the machine used. It is then capped by 0.05 pm o f p 
GaAs (6x 10 IX cm '3) grown by MOCVD. The reverse bias was varied between 0 V and -5V so 
allowing the depth 0.8 to 1.3 pm to be probed, leaving some margin for variation in doping 
concentration. This depth range is located at the same depths as the QW s in the SCH piti 
laser structures (see Laser structures in Appendix A). Samples were cleaved to dimensions o f 
~ 6x6 mtrf and were processed in exactly the same fashion as for the PLE samples (see 
chapter 5).26 The samples were then patterned with four different diameter diodes. After 
removing the S i0 2 cap by wet etching using buffered HF for 30 s. P-type contacts were
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formed using Ti/Pd/Au with thicknesses of 33 nm/33 nm/150 nm respectively by evaporation 
and lift-off. N-type contacts were formed using Au/Ge/Au/Ni/Au with thicknesses of 11 
nm/11 nm/11 nm/14 nm/240 nm respectively. Both contacts were annealed at 360 °C for 60 
s. The devices were then mesa isolated by wet etching in a H2C>2 :NH4 solution with a 
composition o f 95:5 for 60 s using the p-contact as a mask, leading to a 1 pm etch depth for 
isolation.
The reverse bias leakage current o f the diodes was measured after fabrication. Some 
diodes from both processed and control samples showed large variations in leakage current. 
These were discounted, and only diodes falling on a straight line o f leakage current versus 
diode area (confirming the absence o f leakage from the edges) were wire-bonded for 
measurement.
For the as-grown sample, capacitance-voltage measurements indicated a doping 
concentration of around 1016 cm'3 at 0 V, which was confirmed using an electrochemical 
profiler, rising to 1017 cm' 3 at -3.5 V. This, higher than expected, doping gives a relatively 
small probe range o f ~  0 .0 1 pm at a depth of ~ 1 pm, depending on the particular doping 
concentration each sample. A comparison of results for the as-grown samples and for the 
same structure subjected to the IFVD process at 925 °C for 120 s is shown in Fig. 6.1. The 
as-grown sample has a relatively shallow level at 46 meV, which is native to the material. 
This may be the Si shallow donor at 58 meV, but with the emission energy influenced by field 
emission. 19 The level is not detectable in the processed material and may be masked by the 
two induced deep levels shown in Fig. 6 .1. The spectra were taken at a rate window of 1000/s 
with reverse bias of ~3.5 V with a fill pulse duration of 3.8 ms. Arrhenius plots for several 
samples are shown in Fig. 6.2 which were obtained by varying the rate widow over the range 
1000/s to 0.8/s (the fill pulse width was also varied to match the measurement time). The 
variation in signature (activation energy and apparent cross-section) has been confirmed as 
being due to the field dependence rather than sample variation. The closely identified levels 
EL2 and EL 16 are shown in Fig.6.2 for comparison. 27
>  The origin of EL2 has long been a source o f controversy, though many authors agree that 
it is a complex involving an As antisite i.e. arsenic on a gallium site Asca, coupled to an 
arsenic interstitial W  Phenomenologically, 19 EL2 is found in bulk, VPE, and MOCVD 
material, and increases in concentration with As rich conditions. This is consistent with 
out-diffusion of Ga into the S i0 2 cap leaving As rich complexes behind associated with 
the excess Ga vacancy concentration. An increase in the EL2 concentration has also been 
observed before for similar processing procedures. 28
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Fig. 6.3 Comparison o f  the number o f  point defects obtained from the DLTS m easurem ents and 
those calculated from the m odel for the sam e annealing parameters.
'r EL 16 is a trap also associated with VPE material, although it has not been studied in 
much detail.
Measurements made at low reverse bias ~0.5 V produce an added complication o f sign 
reversal for the trap assigned EL2, which can lead to the trap being misinterpreted as a hole 
trap. This well-known artifact occurs when the series resistance is large compared with the 
capacitive reactance at the measurement frequency.’1' The series resistance was independently 
measured on a HP LCR meter and found to be comparable to the capacitive reactance o f  the 
samples for samples showing sign reversal at low reverse bias, again confirmed by 
observation o f the sign reversal from the 20/s rate window (normal electron trap) to 50/s rate 
window (reversed, apparent hole trap) at 1 V reverse bias. The conclusion is that any hole 
like traps are merely artifacts o f the high series resistance o f the samples.29
To obtain the trap concentration, the approximate form ula,14 N r = 2 N D A C /C  can 
be used. For ND o f 3 x l0 17 cm '3, the formula gives a trap concentration value o f Nj= 4x10 h 
cm'3 for EL2 and 1 .4 x l0 15 cm '3 for EL 16 for the sample annealed at 925 °C for 120 s. 
Broadly, it was found the that the EL2 trap concentration increases with annealing 
temperature, though detailed analysis o f the behaviour with annealing temperature and time 
requires further investigation. The peak concentrations o f the EL2 trap have been calculated30 
and are plotted in Fig. 6.3. On the same graph, the defect concentrations calculated from the 
model described in chapter 3 are also plotted for the same anneal temperatures and at the 
same probing depth o f 1 pm. As can be seen, an order o f magnitude agreement between the 
measured EL2 trap concentration and the defect concentration predicted by the model is
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obtained, except for the shortest anneal time of 30 s . 30 This is attributed to the limitations in 
the model. The inaccuracy in the model for defect diffusion, and the parameters used for the 
diffusion calculations are thought to be the main source o f error in the model (see chapter
3 ) . 30
II.B. The EL2 Defect and More DLTS Experiments
The results obtained in the previous sections have to be analysed in order to help plan 
further experiments. The EL2 is o f particular interest, since it is known to be a composite 
defect associated with As antisites. 19 Its observation was not surprising, however, in the 
experiment presented above. The EL2 has been often observed when annealing GaAs-based 
compounds at elevated temperatures. The agreement between the measured EL2 
concentration with that of the defects expected to induce the observed intermixing is a 
promising and important result which. It spawned further investigations about the nature and 
characteristics o f EL2, o f which the next few points are thought to be worth noting:
i. Contrary to beliefs when EL2 was first discovered, EL2 is not related to the presence of 
oxygen in GaAs. 16,19
ii. The EL2 trap is not related to an impurity within the GaAs, it is related to lattice point 
defects and/or lattice defect complexes. 16,19
iii. The EL2 trap can only be observed in singly or doubly charged donor states. 16,19
iv. Although EL2 is usually observed in a normal fundamental state, it can also be 
observed in a metastable state, which is a different configuration from that o f the 
fundamental one. The EL2 switches between the two states depending on the thermal 
and optic excitations applied on the lattice. 16,19
v. The As antisite, AsGa, defect is one of the constituents of EL2 and matches well its 
metastable behviour. 16,19
vi. Thermodynamic studies o f EL2 suggest that lattice vacancies, VI1} and Vv, are part of its 
composition. On the other hand, EPR studies suggest that the Arsenic interstitial, Ias, is 
one of the constituents o f EL2.
The nature of EL2, being known to represent an AsGa based defect, matches the understanding 
of the IFVD process well; at non-equilibrium, as a result of Ga out-diffusion into the 
dielectric caps, group III vacancies, Vm, and interstitial As atoms, Ias, will be generated. At 
equilibrium Vm will tend to combine with IAs, and form AsGa based defects.
Further experiments were carried out on MOVPE and MBE samples. Two batches of 
samples, one from each growth technique, were processed in a similar manner to that 
described above, and diodes were fabricated. The traps detected included EL2, but this time 
the deep level trap E5A was also detected. This process was different in one respect from that 
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in section the previous section, the deposition o f the e-gun silica was carried out at 90 °C, 
instead of room temperature, to enhance silica adhesion. Further characterisation is under 
way. The most noticeable observation is that the EL2 trap is not readily observable in all the 
parameter space o f the DLTS measurement system, and it disappear for some parameter 
settings. This phenomenon is being characterised, and may be linked to the metastable state of 
the defect. However before going further, a separate experiment to determine the origin of the 
E5A should be carried out. DLTS measurements conducted on samples coated with e-gun 
silica deposited at different temperatures are underway.
III. O ut-D iffusion of L attice C onsitituents
Quantum well intermixing takes place because o f the in-diffusion of native point 
defects from the semiconductor surface due to out-diffusion of lattice constituents into the 
caps. The out-diffusion of different lattice constituents into the dielectric caps, when annealed 
at elevated temperatures, is therefore fundamental to the IFVD process. Studying out- 
diffusion into dielectric caps can convey information and show indications about the process 
mechanisms. In addition, it provides quantitative information for modelling the QWI 
processes. 31 ,30 The concentration of Ga in dielectric films after annealing has been observed in 
several previous studies using various techniques such as XPS, AES, and SIMS. 32,33,34  
Although essentially a destructive technique, SIMS is well suited to study this phenomenon 
because it can quantify the concentration of the elements diffusing into the cap, and into the 
semiconductor. For certain elements its sensitivity can be as good as 1013 cm'3, with lateral 
and depth resolution better than 1 pm and 2 nm respectively. SIMS can also be used for 
conducting and non-conducting materials by choosing the appropriate primary ion source, 
and hence can be used to profile both the dielectric cap and the semiconductor. 9
SIMS is based on analysing sputtered secondary ions, by using a primary ion source 
impinging on the sample surface. When the primary ions strike the sample surface, energy is 
transferred elastically, in a collision cascade process, to atoms within the sample matrix. 
Some of the energy is transferred to the surface atoms and causes their dissociation from the 
sample matrix. The desorbed particles may be atoms or molecules, in a neutral, ionised or 
excited states. In such measurements, the ions are accelerated, mass resolved using a mass 
spectrometer, and then detected. The sputtered particles are usually generated within 10 nm 
of the sample surface, however this is dependent on the primary ion beam. In static SIMS, 
where the measurement is only conducted on the surface of the sample, a low primary ion 
beam energy secures minimal disruption of the original status of the matrix. On the other
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Fig. 6 .4  SIMS profile of various GaAs and S i02:F constituents in the semiconductor with different
depth resolutions.
hand, for dynamic SIMS, where there is sufficient energy in the primary ion source to scan 
the sample constituents with depth, the sputtering process can modify the matrix.
The varying yield o f the same element within different matrixes has a notable effect 
on the quantitative accuracy o f the concentrations provided when using SIMS in a multiple 
layer sample. Because this is exactly the case for in the samples tested in this work, where 
there is a semiconductor crystal lattice covered by several hundreds o f nanometers o f an
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amorphous cap, the calibration o f the measurements was conducted for the semiconductor 
lattice only. Therefore the concentrations obtained from the dielectric cap should not be taken 
quantitatively.9
An 0 2" ion source is usually used as a means o f enhancing the yield o f  positive 
secondary ions and, hence, the system sensitivity.9 Also Cs~ can be used for detecting 
negatively charged sputtered ions. However when sputtering the dielectric region using this 
ion source, charging effects are possible and can mask the signal detection from the surface.
In the following section we shall describe measurements o f dielectric caps’ matrix 
and the semiconductors’ lattice elements on samples annealed with various dielectric caps. 
The results will be correlated with the amount o f intermixing observed in these samples.
III.A. Studying Out-Diffusion in Dielectric Caps using SIMS
SIMS has been extensively used for investigating intermixing o f I1I-V structures.2 
Measurements o f  superlattice (SL) disordering due to IID have been carried out, both in early 
and recent work o f intermixing, giving clear representation o f the disordering.25’36 It was also 
used to investigate implantation induced intermixing in SL structures,' and to trace the out- 
diffusion o f semiconductor species into dielectric caps after annealing. * Although SIMS is a 
useful means for investigating disordering in heterostructures, it does suffer from some 
drawbacks. Depth profiling using SIMS depends on sputter etching, which might affect the 
distribution o f the species studied. Furthermore, monolayer depth resolution is not readily 
available using such a technique. Such depth resolution is necessary to be comparable with 
heterostructure interfaces. Therefore SIMS, although powerful, has serious limitations 
concerning the accuracy o f the measurements it can provide. In static SIMS however, the 
sputtering beam has less impact on the surface elements because the typical ion source 
energy, which varies between 1 and 15 keV is too low to cause ’knock-on' artfacts.8 In this 
section, we shall investigate 
the out-diffusion o f the lattice 
constituents into various 
dielectric caps, some o f which 
enhance intermixing and 
others that suppress it. The 
caps investigated here are 
S i0 2:P, S i0 2:F and S i0 2. The 
S i0 2:F cap did not show any 
sign o f inhibiting intermixing, 
as discussed in Chapter 4,
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however it was thought to be interesting to observe whether fluorine diffuses into the 
semiconductor (see discussion about the effect o f fluorine on intermixing in Chapter 2). The 
S i02:P cap has been demonstrated to be a nearly ideal cap for inhibiting intermixing because 
of the minimal damage associated with annealing such caps, and the degree by which it 
suppresses intermixing. It is hence o f great importance to investigate whether there is any P 
diffusion into the semiconductor and what are the diffusion rates o f Ga and As into the cap. 
As for S i02, being the dielectric cap with the most consistent performance in enhancing 
intermixing (see chapters 2 and 4 for details), the final aim of this work is to be able to 
measure the diffusion kinetics o f Ga in the cap and hence find out the boundary conditions for 
its diffusion. This information can then be used to model the associated vacancy diffusion.
Samples were covered with 200 nm of PECVD S i0 2 :P, S i02:F and S i02, then were 
annealed for 60 s at 925 °C with a rise time of 15 s. SIMS measurements were carried out 
using 0 2' and Cs+ ion sources with the experimental conditions presented in Table 6.1. For 
profiling in the semiconductors, Cs+ ions were used with satisfactory accuracy, however when 
charging effects were observed and caused by the dielectric caps, an 0 2' ion source had to be 
used. 39
The samples covered with S i02:F were investigated first using the Cs+ ion source and 
the results are shown in Fig 6.4. The position of the heterostructure is obvious from the A1 
signal in Fig. 6.4 (a), where the profiled depth was large enough to include QWs. It can be 
clearly seen that, within the semiconductor, there is no F signal, indicating that F did not 
diffuse during annealing. In Fig. 6.4 (b), a lower sputter rate was used to provide better depth 
resolution, and it indeed shows the F signal peak within the first 200 nm of the sample, which 
is the cap thickness, and then drop to the noise level within the semiconductor. From both 
Figs 6.4 (a) and (b), the tendency of F to accumulate at the S i02:F cap surface and the 
S i0 2 :F/GaAs interface is quite apparent. It is also clear that there is no Si diffusion from the 
cap into the semiconductor that might contribute to intermixing. Although the Ga signal was 
seen to extend to the cap region, it should be noted that the concentration measured is not to 
scale since the calibration of the signal is not valid within the dielectric region. 39 While the 
signal decreases rapidly in the dielectric cap confirming the lack of any significant A1 in the 
dielectric caps, the As signal peaks within the S i02:F film, confirming also the property of 
S i0 2 caps to permit As out-diffusion at temperatures over 875 °C . 1 The enhancement of 
intermixing induced by the S i02:F caps reported in Chapter 4, can therefore be ascribed to Ga 
out-diffusion, and not to a F induced enhancement in the interdiffusion on the group III 
sublattice. 40
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Fig. 6.5 SIMS profile of various GaAs and S i02:P constituents (a) in the semiconductor, and (b) in
the S i02:Pcap
The samples covered with SiCFiP were investigated next using the Cs ion source and 
the results are shown in Fig. 6.5. Similar to the previous samples, the heterostructure position 
can be seen by monitoring the A1 profile, which has a dip at the QWs position, as seen in Fig.
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Fig. 6 .6  SIM S profile o f  various G aAs and S i0 2 constituents in the S i0 2 cap.
6.5 (a). However there is no evidence o f P diffusion within the semiconductor. It is very 
interesting to observe that the Ga and As profiles show no signs o f diffusion within the 
dielectric film, agreeing with the observations o f minimal intermixing exhibited by such caps 
at these temperatures. Indeed it is clear that P doping reduces Ga and As diffusion into the 
S i0 2 caps, and hence minimises QW I.41 The Cs ion source was then replaced by the 0 2" 
source to enable high resolution SIMS within the S i0 2:Pcap. As can be seen in Fig. 6.5 (b), 
the profiles o f the Si, 0 2 and P are clear in the film. Again it can be seen that the 
concentration o f Ga and As can barely be distinguished from the noise level o f the signal, 
confirming that there is no significant Ga or As out-diffusion into S i0 2:P caps during 
annealing. It should also be noted that, despite the negligible Ga out-diffusion into the cap, 
slight Ga pile up at the dielectric film surface is evident. This pile-up might explain, in part, 
the small, but significant, amount o f  intermixing observed in samples annealed with S i0 2:P 
caps.42 A PL shift o f ~ 6 nm is obtained upon annealing GaAs/AlGaAs at 925 °C with S i0 2:P 
caps, as seen in Fig. 4.4. Although the reasons behind the inhibition o f out-diffusion exhibited 
by S i0 2:P caps is not known, it should be noted that its hygroscopic nature, and the fact that
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its performance in inhibiting intermixing degrades by time, are probably related. Further 
investigations o f this as an indication for the mechanisms involved (see section in chapter IV 
for comments on the effect o f water vapour on Ga out-diffusion).
The samples covered by PECVD SiC>2 were measured using the O* ion source, 
focusing primarily on the profiles within the dielectric cap to compare them with those o f the 
Si02:P and S i02:F caps. As can be seen in Fig. 6 .6 , the concentration of Ga in the dielectric 
film is significant, being two orders o f magnitude larger than the noise level. It is also evident 
that there is an accumulation of the Ga atoms at the film surface and at the S i02/GaAs 
interface. In contrast, there was no measurable concentration of As in the cap, but there was 
some accumulation at the S i02/GaAs interface. In addition the P concentration was measured 
to investigate whether there is any the migration o f P from the S i02:P caps into the S i0 2 cap 
after annealing samples with S i0 2 and S i02:P side by side in the same chamber. Another 
point o f interest that was not addressed in this work is to study Ga diffusion profiles in before 
saturation. Information obtained from such study can help determine the diffusion mechanism 
of Ga in dielectric caps, and hence quantify the subsequent vacancy in-diffusion from the 
semiconductor/dielectric interface.
In Summary the measurements show clearly that, in the case o f annealing GaAs with 
Si02:F caps, the observed intermixing can be ascribed to the out diffusion of Ga in the film. 
Fluorine atoms, when diffusing interstitially in GaAs, can enhance the inter-diffusion on the 
group III sublattice, however no F diffusion was evident in the measurements, implying that 
the intermixing observed in these samples is due to IFVD solely. As for the S i02:P caps, the 
absence of Ga in the caps correlate with the inhibition o f intermixing. SIMS can be used, with 
another technique that is sensitive to the chemical configuration of species investigated, to 
investigate the hygroscopic nature o f S i0 2 :P, and its role in the time dependent inhibition o f  
intermixing exhibited by this cap. When profiling the S i0 2 caps, the Ga profile in the caps 
correlates with the enhancement o f intermixing. The apparent accumulation of the Ga on the 
surface o f the cap and at the semiconductor/cap interface requires further study since it 
affects both the theoretical and technological fronts o f the process. It affects the theoretical 
front, since it proposes unconventional boundary conditions for the diffusion equation at the 
interface where he accumulation takes place. It will also affect the process where no 
intermixing is required since this accumulation will produce a small, yet finite, number of  
vacancies, which can in turn induce some QWI.
Impurity t-ree Vacancy D isordering for Integrated Photonic Devices
134
Characterisation of Lattice Constituents and Defect Diffusion Chapter 6
IV . S ummary
DLTS measurements showed that the EL2, E5A and EL 16 deep level traps are 
introduced upon annealing the samples with S i0 2 dielectric caps. In the first batch of samples, 
the EL2 concentration at the depth of the QWs was found to match that calculated at the 
same depth from the model developed for intermixing in chapter 3. The concentrations, 
however, were only closely matched for anneal times longer than 30 seconds, which might be 
attributed to limitations o f the model to describe the vacancy diffusion for short anneal times. 
Although there is still some confusion, DLTS measurements have shown promise in 
identifying the nature o f the defects introduced due to the IFVD process.
From the SIMS measurements, it was confirmed that the enhancement o f intermixing 
induced by the S i02:F caps, reported in Chapter 4, is due to Ga out-diffusion into the 
dielectric cap, and not due to F diffusion into the semiconductor. As for the annealed S i02:P 
caps, no evidence of Ga and/or As out-diffusion in the cap was observed. Also no measurable 
amount of P was found to diffuse into the semiconductor. These observations correlate with 
the measured amounts o f intermixing obtained when annealing GaAs/AlGaAs structures with 
a S i02:P cap. The samples annealed with S i0 2 films showed a considerable Ga concentration 
within the cap, again correlating with the measured intermixing. The Ga pile-up phenomenon 
is thought to have significant implications from both the technological and theoretical 
viewpoints o f IFVD and should be further studied.
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CONCLUSIONS AND 
FUTURE WORK
The work presented in this thesis studied the kinetics, technology, and some 
characterisation methods associated with the process o f impurity-free vacancy disordering 
using dielectric cap annealing techniques. The research has generated some results that 
answered several questions and helped to increase our understanding of the technology. 
However, this work has also raised many questions about the new mechanisms and 
phenomena observed. These serve as pointers to some o f the limitations of the IFVD 
technology. The investigations focused on the technology without extending the effort to other 
aspects such as fabricating device demonstrators. This allowed a variety of measurements 
and experiments to be carried out with a more concise scope. This chapter will present review 
the major findings o f this work. Some pointers and indications, which also suggest some 
future work, are presented in the final section of this chapter.
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I. C onclusions
The investigations of modelling the quantum well intermixing kinetics resulted in few 
findings that are summarised in the following points, together with their implications. Also 
discussed, are the limitations of the model, the measurements carried out to quantify the 
parameters necessary for an improved model, and the results obtained from those 
measurements.
• Statistical models for defect diffusion successfully described the kinetics of compositional 
intermixing in GaAs. Predictions were obtained for different processes since the model 
does not depend on the means by which defects are introduced. It could therefore be used 
to describe implantation damage induced intermixing, as well as dielectric cap annealing 
induced intermixing.
• Order o f magnitude agreement between the predicted and experimentally measured PL 
shifts was achieved.
• The calculated PL shifts for the process o f plasma induced defect layer disordering and 
the process o f impurity free vacancy disordering, were in good agreement with the PL 
shifts measured, for vacancy diffusion coefficients 2-3xexp[-2.72/kBT] cm V1. This is a 
factor of 2-3 more than what has been reported in the literature. However, due to the 
spread of values reported for the V!U diffusion coefficient in GaAs, this agreement is 
thought to be satisfactory at this stage of the study.
• The important implication in the model is that; if we have a small defect concentration at 
the QW depth and allow it to stay in the QW vicinity for an extended length of time, this 
will enable such a relatively small defect concentration to induce a considerable amount 
of intermixing. We can therefore apply this principle to use minimal defect concentration 
to induce the bandgap shifts needed for various applications.
• Further improvements o f the model will have to be preceded by an accurate 
characterisation of the various parameters used in the intermixing process modelled.
• For the dielectric cap annealing induced intermixing there are a few points that had to be 
characterised:
> The QW diffusion profile, and how it compares with the initial, as grown, QW shape. 
This will convey information about the diffusion mechanisms of the QW constituents, 
and whether they follow Ficks' law.
>  The Ga diffusion coefficient in the dielectric caps used in the IFVD process at the 
annealing temperatures studied.
>  The diffusion coefficient o f the Vni in the GaAs/AlGaAs heterostructures.
The following experiments were carried out to underpin the parameters mentioned above:
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• PLE measurements on as grown samples indicated that as grown QW profiles are not 
abrupt, as considered in the calculations. PLE measurements on samples intermixed to 
different extents indicated that the initial and interdiffused QW profiles are best fitted 
with a symmetric exponential profile. Such a finding means that there are errors when 
using initial square QW profiles in equations (3.5) and (3.6) to calculate the lattice hops 
needed for inter-diffusion.
>  Other techniques such as SIMS could not be used since the regions of interest do not 
exceed 1 - 2  nm at every heterostructure interface, a thickness which can be easily 
smeared by the Ar ion beam used for etching away the surface in the depth profiling 
of SIMS.
• DLTS detected the deep level traps, EL2, EL 16 and E5A after annealing MOVPE and 
MBE grown structures. The EL2 level was further investigated since it is related to the 
As antisite. This matches well the picture drawn for intermixing being carried out through 
Ga out-diffusion, which leaves As interstitials and VIfI behind. At thermal equilibrium, 
these defects are likely to be found in the form of an As antisite. The concentration of the 
EL2 trap, when measured at the depths where QWI are situated, matched the 
concentration predicted from the model describing intermixing. The encouraging results 
found from the DLTS measurements will have to be re-investigated further and cross- 
examined using other techniques such as positron annihilation. Even though, DLTS has 
proven to be a prmising technique to investigate defects resulting form the QWI 
processes.
« SIMS measurements of Ga and As diffusion during annealing showed excessive Ga out- 
diffusion into the dielectric caps where enhancement in intermixing was observed, and 
less Ga in the cap, where minimal intermixing was observed. This direct relation between 
the Ga out-diffusion and the amount o f intermixing observed confirms the role of Ga in 
the process of dielectric cap annealing induced intermixing. It also paves the way for 
using SIMS to characterise the Ga diffusion profiles, and hence diffusion coefficient into 
silica caps after rapid thermal processing.
>  Some of the problems include the large diffusion coefficient o f Ga in silica, which 
causes the Ga to saturate within the silica for practical annealing conditions. 
Therefore, much thicker caps and much shorter anneal times should be used in these 
investigations to ensure that we can accurately measure the diffusion coefficient.
The investigations o f technology of dielectric cap annealing induced intermixing resulted 
in a new process as well as new pointers to the mechanisms involved in IFVD generally. The 
performance o f the most promising dielectric caps investigated and the new single cap 
selective intermixing process are summarised below.
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• Various dielectric caps were investigated, o f which SrF2 , SiC>2 , Si0 2 :P are most the 
important.
• SrF2 has the best performance in inhibiting intermixing, but surface damage and other 
technological drawbacks are associated with annealing SrF2 at high temperatures.
• SiC^iP has a good performance in inhibiting intermixing but has a time dependent 
performance and is not available in the department were this work is carried out.
• S i0 2 caps are by far the most reliable one, since they always show a similar amount of 
intermixing each time SiC>2 caps are tested, given that the surface condition is the same.
• Also investigated was PECVD S i0 2 :F, which showed performance very similar to that 
exhibited by normal PECVD SiC>2 .
• The condition of the surface prior to dielectric cap deposition was also investigated using 
oxide grown by H2O, CH4 O and HC1 surface treatment was proven to play a substantial 
role in the intermixing performance observed.
• A selective intermixing process using only SiC>2 was developed, by processing the caps in 
oxygen plasma to suppress intermixing. Differential shifts in excess of 100 meV at an 
anneal temperature of 925 °C were achieved with 10 meV shifts underneath the un­
intermixed regions.
• The plasma exposure has reduced the amount of attained intermixing in PECVD, 
sputtered, and E-gun deposited S i0 2 caps. It reduced the amount of intermixing in S i02:F 
caps too.
• The plasma was effective in reducing the bandgap for undoped MQW structures as well 
as DQW p-i-n QW laser structures.
In the final part o f the thesis the feasibility of fabricating a bandgap grating, using 
laterally controlled intermixing was investigated using some optical characterisation 
techniques. Spatially and temporally resolved PL measurements and Spatially resolved 
Raman measurements were carried out on intermixed gratings.
>  Spatially and temporally resolved PL showed that the resolution of intermixing 
process is better than 3 pm for 1.5 pm MQW stack 1 pm below the surface. Due to 
the defects associated with intermixing, carrier lifetime was reduced by a factor 3, 
where enhanced Ga out-diffusion, and hence intermixing takes place.
>  The asymmetry in the grating profiles seen in the line scans o f the carrier lifetime as a 
function of position in the grating samples is a clear evidence of the diffusion of the 
carriers beyond the excitation point and their subsequent recombination in 
neighbouring regions with the smaller bandgap.
Impurity Free Vacancy Disordering fo r Integrated Photonic Devices
142
Conclusions Chapter 7
> Spatially and spectrally resolved PL showed that 1:1 gratings fabricated using IFVD, 
with periods < 8  pm, are a very efficient means of inhibiting intermixing. Such 
gratings show bandgap shifts less than that exhibited by the inhibiting cap. Also the 
contrast between the intermixed and un-intermixed regions tend to reach that 
achieved in large area intermixing for grating periods > 1 2  pm. These results show a 
direct evidence o f the important role o f stress in the IFVD process.
>  Intermixed gratings and waveguides were also detected, with bandgap shifts as low 
as 6  nm, using spatially resolved Raman spectroscopy by studying the energy shift 
and line width o f different Raman peaks.
>  Possibilities o f using Raman spectroscopy as a non-destructive technique to quantify, 
and detect, spatially, quantum well intermixing are very promising.
II. F uture W ork
It seems that the thesis raised questions as often as it has provided answers about 
several aspects of the dielectric cap annealing induced intermixing process. The suggested 
work to follow on the findings and implications of this work are:
• Defect recombination on the surface o f the semiconductor should be considered and can 
be readily introduced in equation (3.20).
• The defect recombination during diffusion should also be accounted for.
• The diffusion of the QW/barrier constituents should be modified to fit the profiles 
experimentally observed.
• To further use the model for InP quaternaries:
>  A model for the change in bandgap of the QW as the interdiffusion takes place on 
both sublattices should be developed.
>  The model parameters such as the defect diffusion coefficients and QW diffusion 
profiles should be investigated as was carried out for the GaAs/AlGaAs material 
system.
Before the process of dielectric cap annealing induced intermixing is acclaimed to be 
incapable of producing intermixed gratings with sub 1 2  pm, the area dependence o f this 
process should be thoroughly investigated. The following points are thought to be a suitable 
start for this aim:
• The inhibiting performance o f the single dielectric cap selective intermixing process 
should be further optimised and then fully characterised.
• A surface treatment process that preserves the condition of the GaAs surface before 
dielectric cap deposition should be developed and characterised.
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• The effect o f varying the area o f the intermixed and/or inhibited regions on the 
intermixing performance should be studied, from which the role of stress as a possible 
mechanism of the process can be identified.
• Hybrid intermixing processes, such as the sputtered silica process, should be investigated 
as an alternative for high resolution intermixed gratings. This can be implemented using 
an initial implantation stage followed by a dielectric cap deposition stage and a 
subsequent annealing. The enhanced Ga out-diffusion and the implantation induced defect 
intermixing can be simultaneously used to achieve a low temperature, high resolution 
intermixing process.
Raman spectroscopy as a suitable means o f characterising intermixed gratings should 
be further investigated and developed. This can be carried out by using photon energies less 
than that of the bandgap and hence avoid the Photoluminescence which can screen the Raman 
signal. Also supperlattice structures should be used as the upper cladding of the QWs. Such 
structures will produce strong Raman peaks due to the large number of heterostructure 
interfaces, and hence provide clearer information about the compositional intermixing, where 
it takes place. Having the supperlattice structure in the barriers just next to the QWs can also 
provide accurate information about the extent o f intermixing since the defect concentration at 
both the QWs and the barriers will be similar.
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A ppen d ix  1
Wafer Structures
In this work there has been a few wafers used during the investigations of  
intermixing. They can broadly be categorised into two groups, the p-i-n laser structures and 
the undoped waveguide structures. In this Appendix, we shall list the layer structures used 
through out this work. All o f the laser wafers and some of the waveguide wafers used were 
grown by metal organic vapour chemical phase epitaxy technique, MOVPE, while the rest o f  
the waveguide wafers were grown by molecular beam epitaxy technique, MBE.
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G a A s  C a p  1 0  n m p - Z n , l x  1 0 1 9  c m ' 3
G a 0  6 3A l 0 3 7  A s  5 0 0  n m
rmwrw. n w m  i r n
G ao.6 3 A lo . 3 7  A s  5 0 0  n m
Shallow QW p-i-n structure for quantum well intermixing
experiments.
The w afer w as used in determ ining the diffusion coefficient for the 
plasm a induced defect layer intermixing process in chapter 3.
GaAs Cap 100 nm
Gao.aAl0.4 A s upper C ladding 0 . 8  Mm 
p-C, l x  1 0 1 7 c m '3
Gao.iAlo.4 A s A s  L ow er C ladding 4 Mm 
p-C\ 1 x  1 0 1 c m '3
GaAs substrate n- Si,
M QW  un-doped waveguide structure.
The w afer w as used in characterising various interm ixing processes in
chapters 4 & 5.
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Clin As d n n \ 1 9 ^ 3
G a 0 6 A l 0 4 A s  u p p e r  C l a d d i n g  0 . 8 p m  
p - C , 1 . 1  x K )  1 7  c m  ~3
( i a 0 s A I ( ,2 A s  A s  L o w e r  C la d d i n g  0 .3 & m  
n - S i ,  6 .5  x l O 1 7  c m ' 3
G a 06A l 0 4 A s  L o w e r  C la d d i n g  2 p m  
n - S i ; 7 .3  X l O 17 c m  ' 3
G a A s  S u b s t r a t e  
n - S i
4QW  p-i-n laser structure.
The w afer w as used in characterising various intermixing processes in
chapters 4 & 5.
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A( ia 0 &410 4 A s  upper Cladding 0. 8  pm  
p-C, 3 x  1 0 17 cm ~3
CrCiff fjAlo 4 As As Lower Cladding 1.5 pm
n- S i , 5.7 x  1 0 17 cm ~3
GaAs Substrate 
n - Si
DQW p-i-n laser structure.
The w afer w as used in characterising various intermixing processes in
chapters 4 & 5.
GuAi Caf 11)11 tun _ ^  i = „
DQW n-i-p laser structure.
The w afer w as used in characterising the interm ixing perform ance o f  the
SiC>2:P cap in chapter 4.
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A ppen d ix  2
Experimental Design Techniques
The process o f treating silica films with Oxygen plasma has a large parameter space to 
optimise with a wide range o f values for each parameter. Therefore any optimisation attempts 
undertaken by covering the entire parameter space will be impractical since the number of 
experiments needed is proportional to the power o f number of parameters. In this Appendix 
we shall describe the basic merits and motivations behind using experimental design. Also the 
optimisation o f the plasma exposure process to suppress intermixing will be presented. It was 
carried out using the fractional factorial technique
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I. U sing  S tatistical D esign M ethods for 
P rocess O ptimisation
In the next few point we shall highlight the main obstacles in optimising the 
fabrication processes:
>  In the general case if we have M  different levels and n factors then the total number of 
possible experimental combinations is M 1. We can see, therefore, that the number of 
experimental runs required increases rapidly as the number of factors and levels 
increases.
>  If we use only two different levels, it means that we cannot identify any curvature in the 
response. However more levels mean more runs.
>  Because a large number of runs cannot be conducted in one process batch, subtle changes 
in the processing sequence will affect the results.
>  At first sight, the logical means o f conducting the experiment is to change sequentially the 
parameters to all the possible levels they can take then to study all the permutations with 
all the other parameters changed. Even so, there might be effects on the machines which 
process the samples. Issues such as the chamber conditions in plasma machines are a 
good example.
>  If various parameters are tested independently, the effects o f parameter interactions will 
not be characterised, and these will often have a profound impact on optimisation the 
reproducibility and of the process.
These are some of the reasons why experimental design tools should be used for such 
optimisation problems. The statistical nature o f such techniques can cover a wide range of 
parameter space with the minimal number of experiments. They also provide sufficient 
information about the process, not only for its optimisation and desensitisation, but also about 
the effect o f the cross correlation between various parameters on the process response. They 
have been used widely in the semiconductor fabrication and growth industries, 1,2 within which 
dry etch process optimisation, 3 and plasma deposition, 4 were among the most processes 
studied using these techniques. A fundamental aspect o f such techniques is the choice o f the 
experimental plan, which tells us how to build a map of the experimental space. This then is 
what allows us to determine which factors interact, in contrast to the one-factor-at-a-time 
approach to experimentation. If an experiment is properly planned from the beginning, then 
the analysis part (i.e. where statistics are encountered) is normally relatively straightforward. 
It is therefore important to select a design, which maximises the statistical information. In our 
experiment we identified five main factors which we chose to investigate:
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Table A3.1 An example set of experiments for a 2 level 2(41) fractional factorial experiment
design.
Parameter
Run
A. Silica Film Thickness.
B. Oxygen Flow Rate.
C. Plasma RF Power.
D. Plasma Pressure.
E. Exposure Time.
In general, the conventional means o f conducting 2 level designs would be to conduct 
a full factorial design. Consider the case o f a process with 2 factors to optimise, each at two 
different levels: there are 21 = 4 different experimental combinations to be carried out. This 
experimental design is known as a 2-level full factorial design: It is a full factorial because it 
includes all possible experimental combinations. Fractional factorials, in contrast, are a class 
o f design, which allow us to minimise the resources required in an experiment. Fractional 
factorial designs can be summarised b y f
>  As the name suggests, the models generated for processes studied are originally derived 
from the full factorial designs and differ from them in that some o f the information 
generated by the full factorial models are thought to have insignificant effects on the 
process response and are disregarded.
>  In practice, for most o f  the processes studied, the disregarded information can be 
tolerated and fractional factorials can still allow us to build models involving all main 
effects as well as two-factor interactions.
>  Let us consider the situation where we have 4 factors but can only afford 8 runs o f the 
experiment. We first start with the 2 ' full factorial which allows us to determine the A, B, 
C, AB, AC, BC and ABC terms. The design array can be expanded to include the 
interaction terms by multiplying together array elements, which lie on the same rows.
> In the example shown in Table A3.1; the first row o f the/fi? column (+1) is obtained by 
multiplying the first rows o f th e ^  column (-1) and the B column (-1), and so on. To build
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Table A3.2 A set of experiments designed using 1/2 fractional design. Also shown are 
the PL shifts measured after annealing the samples at 925 °C for 60 s.
—
a 2(1 11 fractional factorial the 4th factor (D) is assigned to the ABC column. This is the 
favoured assignment since, in most practical systems, 3-factor interactions are relatively 
rare. The 2(411 fractional factorial is therefore composed o f the first four columns shown 
in Table A3.1.
>  Using the knowledge and physical principles one has about the process under 
investigation, it is often possible to reduce the information disregarded by careful 
allocation o f the factors to columns. This is done on the basis o f the expectation o f the 
likelihood o f interaction between certain factors.
II. P rocess O ptimisation Using Fractional 
Factorial Design
Within the course o f the research on dielectric caps, our experience showed that 
electron beam evaporated S i0 2 is the one with the most reproducible results as compared to 
other types, such as sputtered or PECVD S i0 2. For this reason the cap used for optimisation 
was the electron beam evaporated S i0 2. The semiconductor structure used in the optimisation
152
Impurity Free Vacancy D isordering fo r Integrated Photonic Devices
Experimental Design Techniques__________________
was the DQW laser structure/1 Samples were 
covered with various thicknesses o f electron 
beam evaporated SiCT and were then exposed to 
the oxygen plasma under different conditions. 
The set o f experiments presented in Table A3.2 
were designed with the following considerations:
i. Because o f the large number o f
experiments needed for our process for 
using a full factorial design, 32
experiments, fractional factorial design 
was used to reduce the number o f runs. 
This was carried out assuming that 
interactions between the first 3 
parameters, the film thickness, the oxygen 
flow rate and the plasma RF power are
insignificant. This reduces the number o f
experiments by half, from 32 to 16 runs.
ii. Although 2-level designs were used for 
initial investigation. in many 
circumstances they provide a perfectly 
adequate description o f the process within 
the range o f factor settings explored. In 
other words, the process can be described 
by a model which does not involve any 
quadratic terms. However, in our case, we 
know, as can be seen in Fig. 4.10 that 
there is a quadratic dependence on some of 
the parameters used. 2 level factorials are 
therefore insufficient and centre runs were 
added to the 2-level design to be able to 
characterise such quadratic effects. Centre 
runs are experiments carried out with 
parameters within the middle o f the range 
o f the 2 levels, and they serve as means by 
which one can probe any curvature in the re
______________________________Appendix 3
Table A3.3 The set of experiment
parameters and their combinations to show 
the interactions.
Table A3.4 The coefficients of the 
equation generated using the experiments 
parameters and their combinations to show 
the interactions.
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A common limitation 
encountered in experimentation 
is the inability to complete all o f 
the treatments within a single 
homogeneous unit. For example, 
it might be that we can only run 
half o f the experiment in one 
day, and must complete it the 
following day. However, it is 
very probable that conditions 
will change from one day to the 
next, and this will accordingly 
affect the results. In such 
situations it is crucial that the 
experiment is split in a 
structured way, if the 
disregarded information is to be 
minimised. This splitting o f the 
experiment is known as design 
blocking. Assume that we can 
only run 4 treatments in one day 
and that the experiment is 
therefore to be spread over a 
number o f days equal to the 
number o f experiments divided 
by 4. Blocking o f a full factorial 
design can be achieved by 
confounding the ABC interaction 
term with "days". The term 
"days" means the day when a 
given batch o f samples was 
carried out. Hence, we can 
regard "days" as a blocking 
factor and we therefore lose any 
information on the ABC 
interaction term. The key is to
Flow rate
60s, 275 watt, lOmTorr
Figure A3.1 The effect of various parameters on 
the process response. Figures (a), (b), and (c).show the 
response for different parameter for given settings.
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ensure that the block factor is confounded with the effects which are likely to be least 
important. This is an area where it is important to pay attention to factor/column 
allocations. From the operating conditions, we found that we can conduct five plasma 
runs per day, so the experiment was divided into 4 blocks, with a centre run in each 
block.
iv. Due to the subtle effects that might arise from running experiments with a sequential 
change in parameters such as plasma pressure or oxygen flow rate, MATREX software 
was used to randomise the experiment, as seen in Table A3.2 so as to eliminate these 
effects.
v. Since this is an experiment for a dielectric cap, which suppresses intermixing, the
process response was chosen to be the PL shift, and it is desired to have the response
minimised.
vi. After carrying out the experiment, the impact o f individual parameters on the process
response was assessed using two parameters, the Contrast and the Effect.5 These
parameters convey similar information, and are only different by a constant factor. 
They give an indication about the significance of the impact a given parameter has on 
the process response. 5
> For a given parameter, the Contrast factor is calculated by subtracting the 
summation of the process responses at the higher and lower parameter levels from 
each other.
>  The Effect for a given parameter is obtained by subtracting the average process 
response, ( i.e. the average between the PL shift when the lower and higher 
parameter values are used) at each parameter level instead of subtracting the 
summation as for contrast calculations.
vii. The design software will also generate an equation to model the process. The equation 
describes the response o f the process. The model function takes the form,
PL shift -  G + a }A + a2B + a3C... + a,AB + al+]AC + ai+2BC , (A3.1)
where G is a constant factor and the a/s  will be evaluated using the process response as 
will be seen further on in the Appendix.
The experiments were carried out in a reactive ion etching machine, BP 80. Each 
group of experiments, according to the blocking carried out by MATREX, was conducted in 
one day, with samples annealed together at 925 °C for 60 s with a rise and fall time of 15 s. 
The results of the runs are shown in Table A3.3. In Table A3.3 the effects and the contrast of 
the separate and the interaction process parameters are shown. The major single response 
contribution comes from the time of exposure followed by the RF power o f the plasma, which 
shows less significant yet non trivial impact on the response. The film thickness, chamber
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pressure, and oxygen flow rate have little 
impact on the response. As for the correlated 
effects, the factors have the thickness-flow rate 
and thickness-RF power factors have highest 
impact on the results, while the rest have a less 
significant, but more or less similar effect. A 
graphical representation o f the effect o f certain 
parameters on the process response is shown in 
Fig. A3.1. The effects o f the time and power 
are shown to be fairly linear with no curvature, 
however the effect on the magnitude o f process 
response is quite profound, and is confirmed by 
the contrast value. There is some curvature in 
the process response as a function o f the film 
thickness and the flow rate, as can be seen in 
Fig. A3.1 (b), however this curvature varies 
depending on the value o f the other parameters 
used. The graph in Fig A3.1 (c) also shows an 
interesting result where the time of exposure is 
shown to have little effect, although seen to be 
very significant for the parameters represented 
in the Fig A3.1 (a). Similar observations were 
made for the pressure at the low end o f the parameter range. The information obtained from 
this graphical representation is by no means exhaustive, which really proves the point about 
the usefulness o f using experimental design to characterise experiments. A lot more can be 
learned through this graphical representation o f the data, however the optimum operating 
conditions can be easily identified by using the software, as will be explained below.
MATREX, the design package was then used to generate a model for the process 
with the coefficients o f each individual parameter, as well as the correlated factors, being 
listed in Table A3.4. These coefficients were extracted from the experiments and could, in 
principle, be used to predict the outcome o f a process for a given set o f  parameters lying 
within the parameter space used. The model can also be used to extrapolate responses for 
process parameters outside the range o f parameters used, however by how much depends on 
how accurate the experiments were and also on the nature o f the process. Various physical 
phenomena can have certain domains o f validity, beyond which effects o f other phenomena 
set in. Since the software design package is written in Excel, the Excel solver function was
T a b le  A 3 .5  Results obtained from the 
model generated for the experiment 
predicting a decrease intermixing as time of 
exposure is increased, agreeing with 
experiment.
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used to obtain the predicted response for an extended exposure time for the set o f parameters 
which resulted in minimum intermixing (6.5 nm at 950 °C for 60 s). Indeed, the model 
predicted a further decrease in intermixing as the exposure time increases, as can be seen in 
Table A3.5. However operating the RF generator o f the RIE at 275 W for more than an hour 
degrade the power supply performance. It is, however shown in section IV.C. o f chapter 4, 
that increasing the exposure time to 70 minutes indeed decreased the amount of intermixing to 
approximately 5 nm using the same annealing conditions. This proved model was validated 
outside the tested parameter space, however further investigation of the optimised parameters 
was not possible due to limitations in the RIE machine.
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